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Abstract 
 
The present study investigates the realisation of bioactive conductive scaffolds 
for application to locomotor tissue regeneration. Blend systems of synthetic 
materials with nanotubes or conducting polymer as fillers were characterised 
and used to realise 3D and tubular shaped scaffolds with bioactive properties. 
The term bioactive has been widening with the expansion of research in 
biomaterials, however it can be defined as a biocompatible material with the 
ability of inducing a required response from the host. Thus, the interaction 
between scaffold and organism is more profound than merely acting as a 
mechanical support.  Conductive scaffolds have emerged as substrates that 
used electrical stimulation to enhance cell growth. There is much evidence and 
many experimental results which show that numerous tissues including bone, 
cartilage, skin, spinal nerves, and peripheral nerves respond favourably to 
electric fields.  These outcomes motivate the development of conductive and 
bioactive biomaterials.  
Different synthetic polymers, such as poly(-caprolactone), poly(lactic acid) and 
poly(lactic-co-glycolide) have been investigated as potential candidate for 
scaffold materials. Here, the use of carbon nanotubes as reinforcement fillers 
and electrical conductors in synthetic polymer was investigated due to the 
remarkable properties of carbon nanotubes such as high tensile strength, 
Young’s modulus, and electrical conductivity. Biodegradable polymers/carbon 
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nanotube composite films were prepared using a solution based processes. The 
presence of carbon nanotubes allowed high stresses to be applied to the 
composite scaffolds. The conducting performance of the composite is 
enhanced by the carbon nanotubes as fillers in polymers. These two properties 
have been characterised here and enabled us to identify the optimum 
concentration of CNT in the polymer composites. Additionally, analytical and 
numerical simulations were also proposed to model the mechanical and 
electrical characteristics.  
 
A rapid prototyping method, PAM, was used to create a porous scaffold. This 
structure was aimed to provide appropriate diffusion of biochemical cues and 
elimination of cellular waste as well as to improve the mechanical properties. A 
simple 3D porous structure made of CNT/PLLA blend was realised and 
characterized.  Additionally, tubular scaffolds were also fabricated and studied 
since there are still limited options available for scaffolds suitable for 
engineering tissues containing a luminal structure.  
We also present a specific tailored material that can electroactively release and 
uptake a bioactive molecule for instance glutamate. Glutamate is an important 
neuromodulator and plays a major role in synaptic transmission. In this work 
we demonstrated that it was possible to use incorporate glutamate ions in to 
the conducting polymer through a simple adsorption. Our study has shown that 
these molecules can be effectively released upon electrical stimulation. 
Furthermore, we tried to explain the effect of various potentials on the release 
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and uptake of glutamate ions.  In parallel, studies were performed to improve 
the mechanical characteristics of this conducting polymer by blending with 
polycaprolactone. The optimum blend was then used to fabricate tubular 
scaffolds for application to peripheral nerve regeneration.  
Finally, an application of CNT/polymer composites for bone tissue scaffolds was 
performed. The tailored conducting property enables us to study the 
attachment of cells on the scaffolds via impedance monitoring. Furthermore, 
these composites were shown to be highly biocompatible for human 
osteoblasts and hepatocytes.  
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General Introduction 
1. Tissue Engineering and Scaffolds Design 
Basic concept and traditional approach of tissue engineering includes a 
scaffold that provides architecture for cell seeding which can organize 
and develop into the desired tissues and organs in vitro before 
implantation. The biomaterial scaffolds can provide the initial 
biomechanical profile for the seeded cells until they fabricate their own 
natural extracellular matrix. During the formation, deposition and 
organization of the newly generated tissue matrix, the original scaffold is 
either degraded or metabolised; finally leaving a vital organ or tissue 
that restores, maintains, or improves tissue function [Stock et al 2001].  
Hence, the scaffold has a critical requirement to provide a suitable 
environment for cell growth and development. As far as engineering 
design is concerned, the scaffold should meet three basic requirements: 
biocompatibility, mechanical strength, and stability. These three 
properties mainly depend on the selection of material and the 
architectural creation of the matrix.  
The materials of the scaffolds can be either natural polymers or synthetic 
polymers. Natural polymers have many advantages, including natural 
biocompatibility and enzymatic biodegradability. The common natural 
polymers for scaffold fabrication are agarose, collagen, alginate, gelatin, 
hyaluronic acid and chitosan. Many polysaccharides like alginate and 
hyaluron are hydrogels which can absorb huge amounts of water, up to 
hundred times their dry weight. Owing to their water-retention and 
optically transparent properties, these hydrogels have been used in cell 
encapsulation and to induce differentiation and growth. They have also 
been observed to be suitable for nerve and cartilage regeneration 
(Agrawal and Ray 2001, Karageorgiou and Kaplan 2005). Collagens are 
the most abundant proteins in the body and are the major components 
in bone, cartilage, skin, ligament, and tendon. There are at least twenty 
types of collagen. Among them, collagen type I has unique mechanical 
and physiological properties that are suitable for repairing skin, cartilage, 
nerve, and tendon tissues. The main drawback of natural polymers is 
their natural variability as well as the lack of an effective sterilising 
method for them. In addition, only a few natural polymers have good 
mechanical strength, which is essential for hard tissue such as bone or 
dental tissue (Papenburg et al. 2007). 
On the other hand, synthetic polymers scaffolds can be easily sterilised. 
Synthetic polymers have several advantages: they are cost-effective and 
also have controllable physical properties. Their physical properties like 
molecular weight, melting point, solubility, and mechanical strength can 
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be modified by changing reaction conditions. Most synthetic polymers 
can be processed by melting or with solvents, which is very important for 
large-scale production. Since the molecular weight of synthetic polymers 
can be controlled by synthetic or purification procedures, their physical 
properties can be well-defined (Gunatillake and Adhikari 2003). FDA 
approved polymers, such as polyl-L-lactide acid, poly(lactic-co-glycolic 
acid) or poly -caprolactone, are the primary synthetic materials for 
matrices in various tissue engineering applications, but they lack the 
necessary mechanical strength to mimic the target tissue that is being 
generated (Engelberg and Kohn 1991, Gupta and Kumar 2007, 
Anathasiou et al. 1996, Karp et al. 203). Table 1.1 shows the compressive 
modulus of hard and soft tissues and most relevant synthetic polymers.  
Apart from the basic properties of material, scaffold design must also 
address the issue of topological side such as creation of porous 
constructs. These porous constructs provide appropriate diffusion of 
biochemical cues and cellular waste [Hollister et al. 2002, Hutmacher et 
al. 2000, Li et al. 2001]. Thus, an extra effort needs to be made to 
combine the critical properties of permeability and strength. 
Additionally, it also should be easily produced into complex 3D 
anatomical-like constructs. Various scaffold fabrication techniques over 
the past decade have resulted in significant progress in creating 
constructs in the micro- and nano-scales. These fabrications technologies 
are reviewed by Tsang and Bhatia, as described in chapter 2.  
Table 1: Properties of hard and soft tissue and some biodegradable 
polymers . 
Material Tm  
(oC) 
Tg 
(oC) 
Compressive 
test 
Modulus 
(GPa) 
Degradation 
time 
(Month) 
Hard tissue -- -- 3-30 - 
Soft tissue -- -- 0.05-0.5 - 
Poly-glycolide 225-230 35-40 7 6-12 
Poly-L-lactide 173-178 60-65 2.7 >24 
Poly-DL-lactide Amorphous 55-60 1.9 12-16 
Poly(DL-lactide-co-
glycolide) 
Amorphous 45-55 2 1-6 
Poly(-caprolactone) 58-63 -65  4 >24 
 
Ultimately, interactions between cells and extracellular matrix are key 
factors to study cell migration, proliferation, differentiation, and 
apoptosis, which all are critical functions for a tissue-engineered 
construct. Unfortunately, these requirements are not fully understood 
by researchers and the study of the complete set of biological 
requirements that must be satisfied before being able to function as a 
true biomimetic substitute is currently the topic of intense research 
[Moit et al 2005].  Additionally, another limitation in current tissue 
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engineering method for the locomotor system is the inability to develop 
multiple tissue types (i.e. bone, cartilage, muscles, nerves) within a single 
scaffold structure in a defined manner. 
 
2. Thesis background 
This thesis focuses on designing active biomimetic scaffolds that are 
tailored specifically for optimising the interaction between cells and their 
host. In the context of the present study, the application of tissue 
engineering of locomotor tissue is the main interest.  
The locomotor apparatus is a multi tissue that gives humans the ability 
to move using muscles skeletal tissue. The musculoskeletal system 
provides form, support, stability, and movement to the body. It is made 
up of bones, muscles, cartilage, tendons, ligaments, joints and other 
connective tissue that supports and binds tissues and organs together. 
The musculoskeletal system's primary functions include supporting the 
body, allowing motion, and protecting vital organs. Figure 1 shows a 
block diagram representation of the locomotor system and its division in 
three subsystems. 
 Figure 1: Neuro-muscular-skeletal system block diagram 
Neural Subsystem: This subsystem includes the Central Nervous System 
(CNS), comprises the brain and the spinal cord, and the Peripheral 
Nervous System (PNS), the nerves connecting the CNS to the rest of the 
body. This block receives information from the sensory system regarding 
the position of the body and the external environment, and controls the 
muscular subsystem. 
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Muscular Subsystem: This subsystem includes the muscles and the 
tendons of the body. Information is sent from the CNS, via the PNS, to 
the muscles. This block keeps track of the physical state of the muscles 
and tendons (length, contractile velocity etc) and describes how force is 
produced in the muscles and tendons. 
Skeletal Subsystem: This subsystem includes the bones, ligaments and 
cartilage of the body. The geometry and position of the relevant parts of 
the subsystem are known. The muscular subsystem controls this block, 
through muscle contraction.  
 
3.  Clinical problems and tissue engineering approach for the 
locomotor system 
Because of close relation between above three sub-systems, disorders of 
one of these subsystems may also affect the whole system and 
complicate the diagnosis of the disorder's origin. Diseases of the 
locomotor system mostly encompass functional disorders or motion 
discrepancies; the level of impairment depends specifically on the 
problem and its severity. Figure 2 pictures the WHO report on diseases 
related to musculoskeletal problems. 
 Figure 2: Disability-adjusted life/year for musculoskeletal diseases per 100,000 
inhabitants in 2004 
The World Health Organization and the United Nations are calling the 
years 2000–2010 the Bone and Joint Decade, as rheumatic diseases 
cause more pain and disability than any other disease group. It can be 
seen that the musculoskeletal-related diseases are experienced by 
averagely 650 per 100,000 inhabitants. They have identified 
osteoarthritis, rheumatoid arthritis, osteoporosis, and low back pain as 
the four major musculoskeletal conditions causing the largest burden. 
Injuries to the musculoskeletal system also fall within this category, 
particularly sports injuries. The burden of these diseases is measured by the 
pain and disability caused. 
Musculoskeletal disorders are the most frequent cause of physical 
disability for people in developed countries. The prevalence of 
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musculoskeletal disorders increases with age. Internationally, 
musculoskeletal conditions are the most common causes of chronic 
disability and have increased by 25 per cent in the last 10 years. 
A more detail on the common problems and tissue engineering approach 
are as followed: 
3.1 Nervous system 
In the peripheral nervous system, axons have the ability to regenerate 
over small defects when appropriate surgical repair techniques and 
guiding strategies are used. The age of the individual is the most 
important predictor of outcome following nerve injury and repair. 
Children often regain normal function after injury, but adults and elderly 
individuals experience slow or absent functional recovery. More than 
half of individuals over the age of 50 do not achieve any functional 
recovery after nerve repair [Verdu et al 2000]. Besides clinical factors 
such as age and health of the patient, the outcome of the injury is 
dependent on the site of the lesion, the degree of disruption of the 
surrounding tissue, the integrity of the vascular network and the degree 
of cellular damage [Hall 2005]. 
 
3.1.1 Tissue Engineering strategies for peripheral nerve system 
regeneration 
Nerve guidance channels (NGSs) with inner diameter slightly larger than 
the diameter of the nerve being repaired are used. This strategy involves 
securing the proximal and distal ends of the nerve to the two open ends 
of the NGC. These tubes physically guide developing axonal processes 
towards their distal targets. In addition to restricting migrating cells and 
sprouting processes within the confines of the tube, such systems create 
a space for increasing the local growth factor concentrations and act as a 
barrier to minimise the infiltration of fibroblasts and other inhibitory or 
scar forming entities that would otherwise inhibit the normal 
regenerative process [Tresco 2000]. 
 
Figure 3: Repair of peripheral nerve defects with a nerve guidance conduit. 
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Among the artificial materials, synthetic tubular NGCs have shown the 
most promising results so far. The use of NGC reduces tension at the 
suture line, protects the regenerating axons from the infiltrating scar 
tissue, and directs the sprouting axons toward their distal targets. The 
hollow space of NGCs can be filled with growth promoting matrix, 
growth factors and/or appropriate cells [Dahlin and Lundbort 2001]. The 
NGCs can be used as an excellent experimental tool, to control the 
distance between the nerve stumps, test the fluid and tissue entering 
the channel, and vary the properties of the channel [Valentini and 
Aebischer 1997]. 
 
3.1.2 Challenges for the design of guidance channels 
In designing a polymer nerve guidance channel, its characteristics, such 
as, porosity, roughness, and electrical activity, can be modified to 
enhance its properties. An ideal guidance channel should be 
biodegradable, should not elicit immune response, have electrical 
activity and be porous. It should also be able to incorporate support 
cells, neurotrophic factors, and internal oriented matrices. Also, it should 
be flexible, readily available and easy to fabricate [Hudson and Evans 
2000]. 
Many techniques have been examined for enhancing peripheral nerve 
regeneration using guidance channels. However, none of them have 
performed better than nerve autografts, the clinical “gold standard” for 
repairing nerve injuries. Even in cases where significant regeneration has 
been observed, it has been over short nerve gaps, about 10 mm. 
However, in clinical applications for humans, there is a need to bridge 
nerve gaps greater than 10 mm. Even in the best case of autografts, 
complete functional recovery is usually not achieved, due to misdirection 
of growing fibers, neuronal cell death, or atrophy/death of the 
denervated target organ [Meyer et al 1997, Zhao et al 1992]. Therefore, 
it is still a challenge to develop alternative approaches for enhancing 
peripheral nerve regeneration to the level comparable to autografts, and 
further to exceed the results obtained from autografts. 
 
3.2 Muscle  
The damage of skeletal muscle that occurs in a variety of muscular 
diseases or injuries can disrupt the sarcomeric organization, membrane 
integrity, excitation‐contraction coupling and calcium homeostasis, 
cause the weakening and loss of muscle fibres and hence significantly 
impair muscle function. Myopathies result in severe muscle loss and 
dysfunction. Duchenne muscular dystrophy (DMD) is a lethal inherited 
General Introduction 
 
13 
 
muscular disorder caused by the defected dystrophin gene on the 
X‐chromosome. Spinal muscular atrophy (SMA) is caused by the 
degeneration of motor neurons in the spinal cord [Nowak and Davies 
2004].  
In addition, severe ischemic injuries to skeletal muscle can induce 
extensive muscle cell death and lead to loss of muscle mass and function 
[Lunn and Wang 2008, Midrio 2006]. Significant muscle loss can also 
result from traumatic injuries, tumor ablation and congenital defects. 
Moreover, the loss of muscle mass and strength can occur during 
biological aging, in a process known as age‐related sarcopenia *Petrasek 
et al 1994]. 
 
3.2.1 Tissue engineering approach 
Despite the existence of satellite cells that are capable of regeneration, 
their incidence in skeletal muscle is low (1‐ 5%) and dependent on age 
and muscle fiber composition. Hence the endogenous population of 
satellite cells is often insufficient to replace the large number of necrotic 
muscle fibers and restore the function of the failing muscle due to severe 
muscular diseases or injuries [Allen et al 1997]. Currently, autologous 
muscle transposition and myoblast transplantation are two proposed 
treatment strategies to reconstruct the damaged muscle tissue. 
The favourable microenvironment created within the scaffolds could 
promote cell survival upon the implantation of a large number of cells 
and localised cell distribution at the engraftment site [Langer and 
Vacanti 1993]. In addition, in vitro engineering of functional mature 
skeletal muscle tissues could bring several unique advantages that would 
lead to future effective treatment of specific muscular disorders or 
injuries, such as traumatic injury. These advantages are: 1) the ability to 
design custom tissue architecture for precise structural repair at the site 
of injury and 2) the ability to precondition scaffolds for specific 
mechanically or metabolically demanding host environment. 
 
3.2.2 Ideal properties of engineered skeletal muscle tissues  
The engineered skeletal muscle tissue is expected to have several ideal 
structural and functional properties in order to effectively restore lost 
muscle function. Structurally, from a biomimetic perspective, the 
engineered skeletal muscle tissue should: 1) be adequately large and 
thick, 2) consist of densely packed and highly differentiated muscle 
fibres, and 3) mimic the aligned architecture of native muscle. These 
structural characteristics would ideally provide sufficient and 
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appropriately distributed active forces to directly augment the 
contractile function of the host muscle [Bian and Bursac 2008]. 
 
3.3 Bone 
The two types of bone cells participating in the remodelling of bone, 
osteoclasts and osteoblasts, have diametrically opposed actions which 
are influenced by numerous factors [Buckwalter 1995]. Osteoclasts, 
bone resorbing cells, rest directly on the surface subjected to resorption 
during activity. Osteoclasts are derived from the hematopoetic 
monocytic cell lineage [Buckwalter 1995]. Active osteoblasts secrete 
collagen fibrils and other extracellular matrix components together 
forming an unmineralised matrix (osteoid). Osteoblasts become 
completely embedded in the bone they produce and are then called 
osteocytes, which are no longer able to actively form bone. 
Cortical and trabecular bone is created and re-created by the 
remodelling action of osteoblasts and osteoclasts which allows repair of 
damaged tissue and allows the adaptation of bone structure to altered 
loading condition. Remodelling begins with resorption by osteoclasts 
which secure themselves to bone surfaces and tunnel into the bone. The 
next step is bone formation; osteoblasts are attracted to the cavities 
formed by the osteoclasts and filling the cavity with osteoid. The osteoid 
is then mineralized [Buckwalter 1995]. 
 
Figure 4: Schematic illustrating cellular activity during the bone remodelling 
process; (1, 2) osteoclasts resorb damaged tissue and (3,4) osteoblasts refill the 
cavity with newly formed osteoid, which is subsequently mineralised. 
 
The ability of bone to regenerate rather than form scar tissue is a well-
known characteristic of bone, which produces a structure physiologically 
and biomechanically indistinguishable from the original. The dynamic 
interactions among cells and cell-derived molecules at a fracture site 
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ensure complete regeneration of bone. The bone repair process begins 
with an inflammatory response (with neutrophils and macrophages) 
present that causes granulation tissue to proliferate into the wound site. 
It is through the granulation tissue that capillaries, fibroblasts and 
osteoprogenitor cells are brought into the wound site. Over time the 
newly formed woven bone is remodelled and replaced by lamellar bone. 
3.3.1 Tissue engineering approach 
The strategy exploits the capacity for progenitor or stem cells to grow in 
the laboratory (in vitro) under conditions that imitate the in vivo 
biochemical and physical environment. By seeding these cells onto 
porous biocompatible scaffolds it is possible to produce functional 
replacement tissue for clinical use in other tissue types. 
 
3.3.2 Challenges for the design of bone models 
Much study has been dedicated to understanding the desired properties 
and structure of biocompatible scaffold materials to encourage bone cell 
attachment and matrix formation [Williams et al. 2005, Mathieu et al. 
2006, Marra et al. 1999, Yang et al. 2004; MacArthur and Oreffo 2005]. 
However, to date these approaches have failed to produce bone tissue 
strong enough to bear load or be used clinically. For this reason, a 
significant portion of engineering research has been dedicated to 
designing optimised systems for regenerating bone in vitro.  
 
4.  Thesis objective 
In order to design and microfabricate active biomimetic scaffolds for the 
locomotor system, three specific aims for this research project were as 
follows: 
Aim 1: Active biomimetic scaffold for bone. 
Bone tissue is rigid; it has a highly porous architecture and is also 
sensitive to electrical stimulation as the tissue has piezoelectric 
properties. 
The aim was that a layer by layer microfabrication of material composed 
of synthetic polymer reinforced with carbon nanotubes would enable 
realisation of a porous architecture with appropriate porosity and 
stiffness. 
 
Aim 2: active biomimetic scaffold for nerve 
My aim was to create scaffolds with properties tailored towards 
electrically controlled release and uptake of incorporated neuro 
modulators useful for nerve stimulation using conducting polymers. 
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In addition tubular scaffolds consisting of a blend of polymer and 
conducting polymer were investigated as nerve guidance channels in 
peripheral nerve regeneration capable of release of growth factor or 
bioactive molecules. 
Aim 3: the third aim was to develop softer scaffolds use the same 
microfabrication technique for tendons, ligaments and the passive 
components of muscle tissue.  
Tendons and ligaments are in in fact the ‘interface’ tissues and are 
critical in biomechanically linking the locomotor system. Various 
microfabrication techniques, materials and architectures were 
investigated from mechanical, topological and electrical point of view.  
 
5.  Significance of the Thesis 
It is predicted that the development of bioengineering scaffolds will be 
similar to the evolution of medical devices for implants. The state-of-the-
art of engineering design helps to define the frontiers of research. This 
can be illustrated by graphing developments in bioengineering 
complexity through the time. 
Early bioengineered scaffolds were 2D films placed in bioreactors for 
giving external guidance for cell growth. Later, scaffolds with a more 
profound interaction with the cells were designed with the application of 
3D scaffold techniques to create porous geometry, but they still can be 
grouped as bio-passive implants.  
 
Figure 5: The evolution of implant devices from bio passive (inside the body), 
bio-active, bio-reactive, and bio-proactive. Each transition requires new 
technologies to cross the research frontiers are indicated by arrows (adapted 
from Simms 2008) 
Bio-passive technologies were enhanced with the application of bio-
active materials, such as coated with materials to exhibit cell 
proliferation at the surface. These may be categorized as bio-active 
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devices. In fact the definition of biocompatibility was broadened around 
this time: previously the word biocompatibility had been almost 
synonymous with inert whereas now biocompatibility means that the 
material evokes the required response from the host rather than just 
being inert.  
Bio-reactive devices emerged next. Scaffolds with growth factor, drugs, 
bioactivity integrated into them became a reality. Also at this time 
scaffold systems which take a signal from the local environment using a 
biosensor (either passive or active) came on the scene. This signal causes 
the device to react as part of a feedback control process, e.g. 
neuroprosthetics and active drug-delivery devices are in this category. 
Scaffolds that are responsive to the genetic profile of the individual may 
be envisioned (the last category on figure 5). Clearly this is very much in 
the future commercially. They do not just respond to diseases as they 
become noticeable in the patient’s physiology, but rather examine for 
genetic tendency when implanted and accessing databases to analyse 
them. 
The long term goal of this project is to generate bioactive to bioreactive 
scaffolds particularly for bone and nerve tissue regeneration. Utilization 
of conducting scaffolds enables us to do online system monitoring of 
cells during the in-vitro phase. Carefully interpretation of impedance 
monitoring gives an indication of cells attachment and proliferation on 
the matrix. In nerve regeneration application, conductive nerve guidance 
channels with active electrical properties aim to electrically control the 
immobilised bioactive molecules such as neuromodulators or nerve 
growth factor for instance. Hence, they promote the cell growth during 
the nerve grafting.    
 
Figure 6. An example of an assembled complex structure 
 
Ultimately, using a bottom-up approach, different materials with 
different microstructures might be embedded and assembled into the 
scaffold as it is being built up as single structure. For example, an 
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assembly to more complex structures such as complete bone, tendon, 
muscle constructs depicted in figure 6. 
 
6.  Thesis Outline 
This thesis is outlines as follows: 
Chapter 1 presents an overall approach to the material design of 
scaffolds. The mechanical and electrical characterisation of a polymer 
filled with nantobubes will be presented here. Mechanical model for 
composites are highlighted as well as the classic percolation theory for 
conduction. 
Chapter 2 presents fabrication methods for 3D conductive scaffolds 
using rapid prototyping method. It elucidates the characterisation of 
realised scaffolds mechanically and electrically. 
Chapter 3 specifically presents the realisation and characterisation of 
conductive tubular scaffolds for application as connective tissue in bone 
or muscle tissue.  
Chapter 4 presents the characterisation of bioactive i.e. glutamic ion in 
release and uptake studies on conducting polymer for neural application. 
Chapter 5 presents the characterisation of a polymer blend system of 
poly(-caprolactone) host matrix and polythiophene as conductive filler. 
The host matrix is aimed to improve the rigidity of the conductive 
polymer so that it is usable in supporting structure as scaffolds.  
Chapter 6 elaborates the characterisation of tubular shapes made from 
poly(-caprolactone) and polythiophene blend. This pioneering study was 
aimed at applying the tubular polymer blend as a peripheral guidance 
channel tailored with conductive properties. 
Chapter 7 explicates the application of conductive 2D scaffolds in cell 
sensing during in vitro cell seeding. Impedance characterisation and 
model are presented here.   
After a summary of the results, conclusions and recommendations for 
the future work of this research are presented in the final part. 
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1. Material Selection, Design and Characterisation 
 
Abstract  
Composites comprising CNTs and the biocompatible polymers are of 
special interest due to their potential for specific biomedical applications. 
We report the preparation of the SWNT in synthetic biodegradable 
polymer PLLA, PCL and PLGA composite in bone scaffolds application. 
Here, ultrasonic energy was used to uniformly disperse SWNT in solutions 
and to incorporate them into composites without chemical pre-
treatment. The mechanical properties of these composites have also 
been investigated. Addition of around 1% SWNT found to increase the 
elastic modulus in factor of 3. The elastic modulus of samples compared 
well to classical micromechanical models. Additionally, specific 
composition where the composites tend to brittle also reported.  
The AC conductivity of the composite also increases as the SWNT loading 
is increased. Such behaviour can be described by a percolation 
mechanism in which a percolation threshold at about 0.3 wt % SWNT 
loading. The presence of SWNTs at 0.5 wt. % fraction transforms the film 
from insulating to conductive with the maximum end conductivity of 
around 0.05 -1.5 S/m. This chapter also elucidates the basic relationships 
between mechanical, electrical property and degree of dispersion of 
single walled carbon nanotube reinforced polymer composites.  
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1.1 Introduction 
Due to the variation in mechanical properties required in ‘soft’ versus 
‘hard’ Tissue Engineering applications, the fabrication of these two 
scaffolds generally use different classes of biomaterials. For soft TE 
applications, e.g. skeletal muscle or cardiovascular substitutes, generally 
a wide variety of polymers are applied. On the other hand, hard tissue 
replacements, e.g. bone substitutes, are generally based on more rigid 
polymers, ceramics and metals.  
Table 1.1: Soft tissue TE material 
Origin Polymer  
Natural Collagen 
    Component of the extra cellular matrix  
Fibrin 
Gelatine 
Poly(hydroxybutyrate) 
Polysaccharides 
    Most common: hyaluronic acid, chitosan, starch and 
alginates 
Synthetic  Poly(esters)) 
Most common: poly (-hydroxy acids) such as poly(lactic 
acid) and poly(glycolic acid) 
Poly(-caprolactones) 
Poly(anhydrides) 
Poly(orthoesters) 
Polyethylene  
Poly(methyl methacrylate)  
 
Table 1.1 lists polymers extensively applied in scaffold fabrication for 
‘soft’ TE applications. Apart from single polymers, scaffolds are also 
commonly fabricated from co-polymers of two or more polymers (not 
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listed) to improve the overall characteristics; co-polymers generally have 
an average of the mechanical properties of the incorporated single 
polymers.  
Scaffold fabrication for hard TE applications employs a wider variety of 
materials; including polymers, ceramics, composites and metals. Table 
1.2 presents materials extensively used in hard TE, besides the polymers 
already listed in Table 1.1. Often, polymers alone might not have 
sufficient mechanical strength, which can be improved by adding 
reinforcements resulting in composites. Herewith, combining two or 
more classes of materials improves the mechanical properties, similar to 
the principle behind co-polymer. 
Table 1.2: Hard tissue TE material 
Class of material type 
Crystalline ceramics Hydroxyapatite 
Tricalcium phosphate 
Calcium metaphospate 
Amorphous glasses Silica 
Bio-glass 
Composites  Hydroxyapatite/ Poly(-caprolactones) 
Chitosan or collagen /polyvinyl alcohol 
Tricalcium phosphate/ poly(lactic acid) 
Etc 
Metals Stainless steel 
Titanium  
Alumina 
 
Polymers and polymer-ceramic composites are more and more 
frequently utilized to overcome the drawbacks associated with metals 
and ceramics in many orthopedic applications. Different types of 
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biocompatible polymers are known. Beside natural polymers, such as 
polysaccharides, gelatine and protein-based polymers, synthetic 
biocompatible polymers are also used. They can be subdivided into 
biodegradable polymers, like poly(L-lactide) and poly(ortho-esters), and 
non-biodegradable ones, for example poly(hydroxyl methacrylate), 
poly(methyl methacrylate) (PMMA) and poly(ethylene glycol).  
Biodegradable polymers have been widely investigated, and in the last 
decade they have been thought suitable for tissue engineering. Terms 
such as absorbable, resorbable, and degradable, with or without the 
prefix ‘bio’, are inconsistently used in the literature, and lately, 
distinguishing between them is quite difficult. The most often used 
expression is ‘biodegradability’, which can be defined many ways; e.g. 
the capability of being decomposed (broken down) by natural biological 
processes.  
Due to the interaction with tissues and organs, biocompatibility is the 
prime concern over all the material branches. The properties of 
polymeric biomaterials are similar to other biomaterials, i.e. 
sterilisability, adequate mechanical and physical properties, and 
manufacturability. It is noteworthy that body fluids might solve the 
entrapped impurities in a polymer matrix. Furthermore residual 
compounds (e.g. monomers, initiators) resulting from polymerization or 
processing could modify some characteristics, such as crystallinity, 
porosity, toxicity etc. [Hutmacher 2000, Griffith 2000]. 
Although thousands of such polymers exist, only a few of them have had 
success in medical applications. Among the synthetic, biodegradable 
polymers, the family of aliphatic polyesters dominates due to their 
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beneficial mechanical, degradative and biocompatibility characteristics. 
In this group one of the favourites is poly(L-lactic acid) (PLLA), but also 
the poly(glycolic acid) (PGA) has relevance in medical uses. Moreover, 
their copolymers are widely used, due to the fact that the degradation 
time can be set by the changing the proportion of the polymers [Park 
1995, Anderson and Shive 1997].  
Pure PLLA does not have adequate mechanical properties for certain 
medical applications such as bone scaffolds or bone fixture; therefore 
new studies have been conducted. In late nineties Weiler and 
Gogolewski reported on solid state extrusion of pure PLLA which is able 
to achieve almost 200% tensile strength improvement. On the other 
hand, Törmälä et aldeveloped a technique for self-reinforcing (SR) of 
PLLA which improved the material strength until more than 300 [Törmälä 
et al 1990, Rokkanen et al 2000]. 
In this chapter, we discussed on reinforcing the synthetic biodegradable 
polymers with carbon nanotubes as filler.  The unique properties of CNTs 
such as extremely high strength, low density and high electric 
conductivity offer advantages over other nano-fillers [An et al., 2004; 
Meyyappan, 2005]. Moreover CNTs have dimensions which are 
comparable to ECM molecules such as collagen and laminin, and are 
reported to sup- port cell adhesion [Freire et al., 2002; Kleinman et al., 
1985; Luckenbill-Edds, 1997; He and Bellamkonda, 2005]. Carbon 
nanotubes are in fact extensively explored for biomedical applications 
[Balasubramanian and Burghard, 2006; Harrison and Atala, 2007; Zhang 
et al., 2005], particularly those involving scaffolds for neural and bone 
tissue. For example neurons grown on a CNT network are reported to 
exhibit better signal transmission [Lovat et al., 2005], possibly due to the 
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fact that CNTs form tight contacts with neuron membranes leading to 
electrical shortcuts [Cilia et al., 2008]. Moreover, as CNTs behave like an 
inert matrix, combined with other natural or synthetic materials in 
biocomposites, they can be effective in bone tissue engineering 
applications. Carbon nanotube based substrates have been shown to 
support the growth of osteoblastic cells which can be expected to 
become functional bone [Li et al., 2005; Zhang et al., 2005; Pankratz et 
al., 2009]. 
However, the effective utilization of the excellent properties of 
nanotubes in composite applications strongly depends on the ability to 
disperse CNTs homogeneously throughout the matrix, as well as on the 
interfacial bonding and the content of nanotubes in the matrix. 
Producing well-dispersed carbon nanotubes in a composite is difficult 
because the addition of solid ‘powder’ (carbon) in a liquid polymer in the 
early mixing stages often leads to phase separation between the carbon 
and the polymer matrix due to low interfacial bonding between the two. 
Several methods for enhancing interfacial adhesion between CNT and 
the polymer matrix are described [Coleman et al. 2006]. Following a 
simple two-solvent mixing method, a tolerable dispersion with low 
content of CNT in a polymer matrix has been reported by the authors 
[Pioggia et al. 2007].  
Here, we investigate three synthetic biodegradable that FDA approved 
which are poly(lactic acid), poly- caprolactone and poly(lactic-co-glycolic 
acid) to be used as candidate material for scaffolds. We were mostly 
interested in the shifting of mechanical strength and electric conductivity 
properties. Ultimately, the viability of cells on our polymeric material 
also was described. 
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 1.1.1 Polymer matrix enhancement 
The artificial matrix plays a very important role in tissue engineering. It is 
responsible for defining the space the engineered tissue occupies and for 
aiding the process of tissue development [Harrison and Atala 2007]. One 
of the few requirements that the matrix has to fulfil is mechanical 
stability, which is crucial for maintaining the predesigned tissue 
structure. Mechanical stability mainly depends on the selection of the 
biomaterial and the architectural design of the matrix. Although 
polymers, such as PLLA (polyl-L-lactic acid) or PLGA (poly(lactic-co-
glycolic acid)), are the primary materials for matrices in various tissue 
engineering applications, they lack the necessary mechanical strength 
(see figure 1.1).  
 
Figure 1.1: Comparative mechanical property of bone and several materials in 
TE applications [Yuehuei 2000] 
The extraordinary mechanical properties of carbon nanotubes make 
them very attractive and promising as reinforcing fillers for the 
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production of a new generation of tissue matrices. Data reveal that 
carbon nanotubes dispersed in a polymer significantly improve the 
mechanical properties of the composite [Coleman etal 2004, Liu etal 
2004, Coleman 2006]. Up to now, carbon nanotubes have been put into 
a host of different synthetic polymers as well as into biopolymers. 
Carbon nanotubes merged with chitosan, for example, showed a 
significant enhancement in the mechanical strength of the composite 
[Wang etal 2005]. By incorporation of only 0.8 wt% of CNTs into the 
chitosan matrix, the mechanical properties of the nanocomposite, 
including Young’s modulus and tensile strength, were improved by about 
93 % and 99 %, respectively. 
Apart from polymer enhancement, carbon nanotubes have also been 
used to reinforce ceramic matrices. Gao et al. [Gao etal 2006] 
successfully fabricated CNTs/BaTiO3 composites, where the addition of 1 
wt% of CNTs increased the fracture toughness by about 240 %. Using 
plasma-sprayed techniques, CNTs have been uniformly distributed in a 
brittle hydroxyapatie (HA) bioceramic coating, improving the fracture 
toughness of the nanocomposite by 56 % [Balani etal 2007]. 
The above-mentioned studies demonstrate that the mechanical 
properties of matrices can be significantly improved with CNTs. 
Moreover, the fact that the addition of very small amounts of CNTs is 
sufficient for matrix enhancement may counterbalance their non-
degradable nature. 
Whereas mechanical reinforcement was the initial motivation of using 
carbon nanotubes, there is evidence that CNTs can accelerate and direct 
cell growth. Several in vitro studies have been conducted investigating 
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the interaction between CNTs or nanocomposites and mammalian cells. 
It was shown that a collagen matrix with embedded SWNTs sustained a 
high cell viability of smooth muscle cells [MacDonald etal 2005]. The 
work by Zanello et al. [Zanello etal 2006] examined the proliferation and 
function of osteoblast cells seeded onto five differently functionalized 
carbon nanotubes. This study showed that bone cells prefer electrically 
neutral CNTs, which sustained osteoblast growth and bone-forming 
functions. The follow-up study investigated the adhesion properties of 
osteoblast, fibroblast, neuron, and astrocyte cell on polycarbonate 
urethane/carbon nanotube (PU/CNT) nanocomposites [Webster etal 
2004].  
The possibility of using nanotubes as substrates for nerve cell growth 
and as probes of neural functions at the nanometer scale has been 
reported by Mattson [Mattson et al 2000]. They showed that neurons, 
which were grown on CNTs functionalized with a bioactive molecule, 4-
hydroxynonenal, developed multiple neurites and extensive branching. 
The ability to control the characteristics of neurite outgrowth also 
became possible by manipulating the charge carried by the 
functionalized carbon nanotubes. As shown by Hu [Hu et al 2004], 
neurons plated on positively- charged CNTs exhibited more numerous 
growth cones, longer neurite outgrowth, and more neurite branching in 
comparison with the neurons grown on negatively-charged nanotubes. 
Carbon nanotubes have also been used to create electrically-conductive 
polymers and tissue matrices with the capacity to provide controlled 
electrical stimulation. It has been reported that current-conducting 
CNT/polymer composites promote various osteoblast cell functions. By 
applying alternating current to these nanocomposites, an increase in 
Material Design 
34 
 
osteoblast proliferation by 46 %, and calcium deposition by 307 % has 
been observed [Supronowicz et al 2002]. This result suggests that CNT- 
based composites may be used to stimulate bone formation. Other 
studies have been directed toward exploiting the electrical properties of 
CNTs for the purpose of healing neurological and brain-related injuries. 
 
1.1.2 Percolation theory 
The percolation theory may be used to describe the structure and 
property transitions in filled polymers. The structure and properties 
changes of such composites can usually be referred to the concentration 
of the filler at which the interconnected clusters of the filling material 
reach a well defined threshold. For concentrations above this threshold 
it can be seen to be an infinite cluster (formed by filler) that connects 
two sides of an arbitrarily large sample. This work is focused on the 
percolation theory in terms of transition of the rheological and electrical 
properties of the CNT/polymer composites.  
Systems composed of an insulating material and a conductive filler 
experience an insulator-conductor transition at the electrical percolation 
threshold. The electrical percolation threshold is the minimal volume 
fraction of fillers so that a continuing conductive network exists in the 
composite. Above this volume fraction, the electrical resistivity of the 
composite is relatively low. Below the electrical percolation threshold, 
the compound essentially behaves as an insulator. There are different 
models and theories that define an insulator-conductor transition and a 
corresponding percolation threshold of the conductive filler 
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concentration with regard to the DC and AC conductivity [Potschke et al 
2003, Kilbride et al 2002, Potschke et al 2002]. 
The compositions of different materials have, in the past, been of great 
significance and attract a great deal of interest in the physics. Various 
properties can be attained by the formation of hybrid systems. The 
presence of conductive fillers like CNTs within an insulating matrix 
material alters the electric properties of the composite [Kim et al 2005, 
Barrau et al 2003]. The composite becomes conductive above a critical 
value – percolation threshold that defines the insulator-conductor 
transition. The electrical percolation threshold depends on many factors 
including the size and shape of the filler, matrix properties, preparation 
method, filler properties, dispersion of the filler within matrix, 
interaction between compounds etc. A high aspect ratio and a good 
dispersion of CNTs in a matrix enable percolation at a very low weight 
fraction of nanotubes.  
While the effective medium theory refers to the composites’ dielectric 
properties below or in the vicinity of the electrical percolation threshold, 
where the system remains insulating; the electrical percolation theories 
concern systems with filler concentrations above the electrical 
percolation threshold. In the classical electrical percolation theory, the 
relationship between the composite conductivity  and the 
concentration (p) above the percolation threshold (pc) can be described 
by a scaling law [Barrau et al 2003, Kilbride et al 2002, Potschke et al 
2003]: 
               
   for         1.1 
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where p0 is a constant parameter and t the critical exponent that is 
dependent on the dimension of the lattice. According to the percolation 
theory, a theoretical value of t 2 for a percolation network in three 
dimensions was estimated. Value of the critical exponent t obtained by 
fitting a power law relation to the experimental data was shown to lay in 
the range of 1.1 - 3.1 [Barrau et al 2003, Kim et al 2005, Kilbride e tal 
2002, Potschke et al 2003]. 
 
 
Figure 1.2: Schematic of CNTs/polymer nanocomposite with isotropic 
orientation of nanotubes [adapted from Du et al 2004] 
At low concentration of CNTs (left), the rheological and electrical 
properties of the composite are comparable to those of the host matrix. 
Rheological percolation threshold takes place when the distance 
between nanotubes is comparable to the average radius of gyration of 
the polymer (center). Electrical percolation threshold (right) is observed 
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when nanotubes are sufficiently close to each other to form a 
percolating conductive path [Du et al 2004]. 
 
1.1.3 Material Description 
This section only describes a selection of widely used materials and 
focuses more on the materials used in this thesis. For in-depth 
information on other frequently used materials for scaffold fabrication, 
excellent reviews are available [Agrawal and Ray 2001, Karageorgiou and 
Kaplan 2005, Gunatillake and Adhikari 2003, Ramakhrishna et al 2001, 
Rezwan et al 2006]. 
 
 
Figure 1.3: Chemical structure of PLLA, PCL and PLGA 
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1.1.3.1 Poly(lactic acid) 
In this thesis, we primarily use one of the most common and well known 
biomaterials: poly(lactic acid) (PLA). PLA belongs to the polyester family, 
as is the case for the vast majority of biodegradable polymers. PLA exists 
in different isomeric forms, namely semi crystalline D- (PDLA), semi 
crystalline L(+) (PLLA) and amorphous racemic D,L (PDLLA). 
PLA degrades by bulk hydrolysis and leads to the production of lactic 
acid. In case of PLLA, degradation results in L(+) lactic acid, a substance 
that exists in the human body under natural circumstances as well, 
therefore PLLA is generally preferred over PDLA [Engelberg and Kohn 
1991].  
The degradation of PLLA in vitro occurs in the order of years, whereas in 
vivo degradation takes approximately 8-10 months; degradation of 
PDLLA is in the order of months [Hutmacher 2000, Laaksovirta 2003]. 
The degradation rate of PLA scaffolds highly depends on amongst others 
molecular weight and polydispersity of the polymer, process parameters 
and scaffold design [Hutmacher 2000]. 
PLLA exhibit superior mechanical strength compared to PDLLA due to its 
semi-crystalline nature (10-40 % crystallinity) and higher Tg of around 65 
°C versus around 54 °C for PDLLA [Joziasse etal 1996]. Therefore, mostly 
PLLA is selected over PDLLA as scaffold material, as is also the case for 
the vast majority of the work presented in this thesis. 
 
1.1.3.2 Poly(ε-caprolactone) 
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Another polymer selected of the polyester family is poly(ε-caprolactone 
(PCL), a semi-crystalline rubbery polymer with a very low Tg of around -
60 °C [Engelberg and Kohn 1991]. Generally PCL degrades by bulk 
hydrolysis like PLA, although also enzymatic degradation can occur under 
certain conditions. Degradation is significantly slower compared to PLA 
due to limited fluid inflow as result of the close packed macromolecules; 
in vivo degradation time extents to over 2 years [Hutmacher 2000, 
Coombes 2004]. Therefore, PCL is mainly suitable for long term implants. 
PLGA was chosen for this research as it is a biodegradable polymer that 
can be electrospun, and previous groups have shows cell attachment 
upon this polymer (Aviss et al., 2010; Kumbar et al., 2008; Pan et al., 
2008; Xin et al., 2006). This polymer is biodegradable and has been 
shown to generate nanofibres when electrospun and is an elastomer. 
PLGA is a random co-polymer of lactide and glycolide, and has already 
been used for various medical procedures e.g. sutures and drug delivery 
systems (Gilding and Reed, 1979; Lee et al., 2007).  
A co-polymer of lactide and glycolide provides a useful method to 
combine the different properties of the two components. Because poly-
lactide (PLA) has a hydrophobic methyl group its degradation rate is 
much slower than that of poly-glycolide (PGA). PGA has a 46-53% 
crystallinity (Gilding and Reed, 1979) thus processing this polymer alone 
using systems that require dissolving the polymer in solvents can be 
difficult; in contrast PDLLA is amorphous so dissolving in solvents is not a 
problem. By combining the two polymers to form a co-polymer it is 
possible to tailor the end product by controlling the ratio of the 
polymers. 
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1.1.3.4 Carbon nanotubes 
The first carbon fibres of nanometer dimensions were discovered in 
1976 by Endo [Endo 1978] who synthesized carbon filaments of 7 nm in 
diameter using a vapor-growth technique. The filaments he produced, 
however, were not recognized as carbon nanotubes (CNTs) until Sumio 
Iijima’s report in 1991 *IIjima 1991], which brought CNTs to the 
awareness of the scientific community. Since that time, carbon 
nanotubes have emerged as one of the most intensively investigated 
nanomaterial. 
The structure of carbon nanotubes can be visualized as a rolled-up 
graphene sheet (Fig. 1.6). Based on the orientation of the tube axis with 
respect to the hexagonal lattice the structure of a nanotube can be 
completely specified by its chiral vector Ch, which is denoted by the 
chiral indices (n,m). The chiral vector, also known as the roll-up vector is 
given by; 
Ch = na1 + na2    1.2 
The integers (n,m) are the number of steps along the zig-zag carbon of 
the hexagonal lattice, with a1 and a2 the unit vectors. 
The bonding in carbon nanotubes is essentially sp2, similar to the 
bonding in graphite. However, the circular curvature in CNTs cause 
quantum confinement and  -π rehybridization in which three   bonds 
are slightly out of plane; for compensation, the π orbital is more 
delocalized outside the tube [Meyyappan 2005]. This rehybridization of a 
structural feature, together with the π electron confinement make the 
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nanotubes mechanically stronger, electrically and thermally more 
conductive, and chemically and biologically more active than graphite. 
 
Figure1.4: schematic of a two dimensional grapheme sheet showing lattice 
vectors a1 and a2 and the chiral vector ch, t is the chiral angle. By rolling a 
grapheme sheet in different directions typical nanotubes can be obtained: 
armchair (n,n), zigzag (n,0) and chiral (n=m) (adapted by Meyyapan). 
Basically, there are two forms of CNTs: singlewalled and multiwalled. 
Singlewalled carbon nanotubes (SWNTs) consist of a single rolled-up 
graphene sheet with diameters ranging from 0.4 to 3 nm. SWNTs may be 
either metallic or semiconducting, depending on their chirality. 
Multiwalled carbon nanotubes (MWNTs) are composed of a concentric 
arrangement of numerous SWNTs, often capped at their ends by one 
half of a fullerene-like molecule. The distance between two layers in 
MWNTs is 0.34. Multiwalled nanotubes can reach diameters of up to 200 
nm [Meyyapan 2005]. 
The extraordinary mechanical properties of carbon nanotubes arise from 
  bonds between the carbon atoms. Experimental measurements 
together with theoretical calculations show that nanotubes exhibit the 
highest Young’s modulus (elastic modulus E) and tensile strength among 
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known materials. As reported by Overney et al. [Overney etal 1993], the 
elastic modulus of singlewalled CNTs can be up to 1.5 TPa. The ultimate 
strength of CNTs, ranging from 13 to 150 GPa, surpasses that of 
materials well-known for their high tensile strength, such as steel and 
synthetic fibres [Yu etal 2000, Pan etal 1999]. Unlike electrical 
properties, Young’s modulus of CNTs is independent of tube chirality, 
although it depends on tube diameter. 
The electronic structure of carbon nanotubes is determined by their 
chirality and diameter, or, in other words, by their chiral vector Ch. CNTs 
are conductive if the integers in Eq. 1.2 are: n = m (armchair) and n - m = 
3i (where i is an integer). The specific conductivity of CNT reported has a 
minimum value of 10,000 S/m [Meyyapan 2005]: 
 
1.2 Experimental Section 
Synthetic polymers were formed into composite films by mixing with 
single wall carbon nanotubes as reinforce agent. Various compositions of 
blend between polymer as host matrix and SWNT were realised using 
solution process. SWNTs used in this work were gift from Prof. Daraio of 
Caltech University and proceed without any pre-treatment.  
The structural, mechanical, electrical, and optical properties of the 
MWNT-based composites were characterised using tensile tests, LCR 
impedance meter, optical microscopes, and electron microscope. The 
general description of the experimental setups used in this study, as well 
as conditions and parameters of each experiment are the purpose of the 
following section. 
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1.2.1 Solution processing 
Carbon nanotube dispersions were mixed together with the polymers in 
suitable solvents. To form a composite, the solvents were then 
evaporated from the mixture. The formation of a homogeneous mixture 
was supported by intensive ultrasonic agitation and mixing. Following 
SWNT-based composites were obtained utilising this method: 
Polymer/chloroform: An appropriate amount of poly(lactic acid) (PLLA, 
Sigma Aldrich) was dispersed in chloroform in order to achieve a desired 
weight concentration of PLLA mother. The mixture was then thoroughly 
mixed using magnetic stirrer for at least 30 minutes until a homogenous 
PLLA solution was formed. The PLGA and PCL mother solution were 
prepared with same method to form ± 0.2 g/mL mother solution. 
SWNT/benzene: various amount of SWNT was dispersed in 1 mL 
benzene to achieve weight concentration of 1, 2, 3, 4, 5, 8 mg/mL SWNT 
dispersion. These mixtures were sonicated (20W) for 2 minutes until a 
stable black coloured dispersion was formed.  
SWNT /polymer: SWNT/benzene dispersion was added to a PLLA mother 
solution with volume ratio of 1:3. This mixture was further homogenised 
using ultrasonic (20 W) and mixed until a uniform blend was obtained. 
Different SWNT /PLLA composites were prepared with 0.2, 0.3, 0.5, 0.7, 
0.8 and 1.3 wt. % of CNTs in a polymer matrix. 
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1.2.2 Spin casting  
A spin casting system from BLE Equipment (Germany) was used in this 
study. Spin casting was achieved by pouring the SWNT/polymer 
dispersion on a clean glass substrate to fully cover it. The velocity used in 
the experiments was around 1000-1300 rpm. The spin casting duration 
for all samples was 20 seconds. To remove the extra solvent from the 
layer, the realised films were placed in silica tank for 7 days after spin 
casting.  
 
1.2.3 Tensile tests  
The mechanical properties of SWNT composites were measured using 
Instron testing device (5980 series). In this test the sample is pulled until 
10% elongation. The load is applied in the axial direction (in- plane) of 
the samples. The composites with size of 1 x 2 cm2 were stretched at a 
constant load speed of 0.2 mm/min. Load F and strain  were recorded 
by a computer connected to the control unit of the tensile apparatus. 
From the stress-strain curve the tensile strength of the samples was 
estimated and the elastic modulus calculated. At least four independent 
samples of particular composite were investigated. 
  
1.2.4 Impedance measurement  
Several thin slices of specimen were cut for further examination with 
dimension of 1 x 2 cm2. Two Pt wires pt wires were glued to the opposite 
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ends using CNT/polymer dispersion. Hence, two probe impedance 
measurement was conducted. 
The impedance values were measured using Agilent 4086 LCR meter. 
Voltage amplitudes of 1V AC were applied during impedance 
measurement. The frequencies ranged from 20 Hz to 1 MHz. From the 
results of the LCR meter, the specific conductivity  of the samples was 
calculated according to  
        
 
        
 
 
 
    1.3 
Where A is the surface area, t is the sample thickness and |Z*(f)| is the 
complex impedance of the sample as a function of frequency. 
A four probe method was also used to measure the resistance of 
prepared conductive films as verification of the 2 probe method. The 
spacing and length of four probes were 2 mm and 10 mm respectively.  
The thickness of the coated polymer films was optically measured using 
OptoNCDT (Microtronics Engineering GmbH, Vienna). Hence the ratio of 
film thickness to probe spacing allowed us to use Scoffield approach for 
measure surface resistance. 
     
 
      
   
  
 
 for t << s   1.4.a 
       
  
 
  for t >> s   1.4.b 
Where t is thickness; s is space of the probe; V is the measured voltage 
difference and I is measured current. 
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1.2.5 Structural characterisation (Optical microscopy) 
In order to visualise the formation of carbon nanotube clusters in the 
polymer matrix, Olympus AX70 optical micrographs of square samples 
were taken. 
 
1.3 Results and Discussion 
1.3.1 Structural properties of the samples 
Prior to the experimental determination of the mechanical and electrical 
properties of SWNT-based composites, the structure and morphology of 
samples have been characterized by means of optical microscopy. 
Solution mixed composites of SWNTs and polymers (PLLA, PLGA and PCL) 
were found to be relatively homogeneous without any obvious phase 
segregation of the components. The mixtures were black and uniform in 
colour, stable for days, indicating efficient dispersions of CNTs in 
polymeric matrices. The high shear forces introduced by ultrasonic 
energy are sufficient to disperse the MWCNTs uniformly in the polymer 
solution. The Only composites of SWNT/PLGA at more than 0.8 wt.% 
revealed some phase segregation after sonication. This is due to the 
moderate solubility of CNTs in PLGA matrix; at higher concentrations 
particles tend to aggregate during the mixing process. The stability of the 
dispersions can be attributed to electrostatic stabilisation, a well-known 
phenomenon in colloidal dispersions [Hunter 1987].  
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Figures 1.5a-b-c showed optical microscopy images of 0.2, 0.5 and 0.8 
wt.% of CNT in PLLA respectively. Because of strong intrinsic van der 
Waals forces, individual carbon nanotubes are interwoven with each 
other, forming the interconnected network within the host material. In 
general, nanotubes are fairly dispersed across the matrix. Figure 1.5 also 
gives qualitative information on the nanotubes distribution in the films. 
Bigger black spots were observed in the image of 1.5.b and c. These 
observations clearly indicate that the agglomeration process of 
nanotubes in the composite is concentration-dependent.  
 
 
Figure 1.5: Result of microscope image for PLLA composite with (a) 0.2 wt.%, (b) 
0.5 wt.% and (c) 0.8%. 
These observations agree well with former results on carbon black 
particles in the PLLA matrix [Kim 2007, Kuan 2008]. Kim et al. showed 
that the application of low shear forces could induce agglomeration of 
initially well-dispersed carbon black particles, explaining that the shear 
forces provide the particles with sufficient kinetic energy to overcome 
the repulsive interactions of the electric double layers. At the same time, 
agglomerates can be disrupted by high shear forces. Therefore, the cast 
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films also showed uniformly distribution of CNT within polymer matrix in 
polymer scale.  
 
Figure 1.6: Result of microscope image for composite with 0.5 wt.% CNT in the 
different polymer matrix: (a) PLLA, (b) PCL and (c) PLGA 
As described above, the CNT-PLGA solutions tend to heavily aggregate in 
the 0.8 wt% addition of CNT. On the other hand, at the same blend 
composition, PLLA and PCL solutions were still showing good dispersion. 
Figurer 1.6 depicted the images of cast film at concentration of 0.5 wt.% 
CNT in different host polymer. All the parameters were alike.  It is hard 
to distinguish the dispersion quality of CNT between figure 1.6a and b or 
between PLLA and PCL matrices. On the contrary, a strong indication of 
more massive aggregation was sighted in the PLGA matrix (figure 1.6.c). 
Apparently, there is an equilibrium size for the nuclei of aggregated 
nanotubes. Obviously, this dimension is dependent on the concentration 
of CNT filler and also the solubility of CNT into the host polymer.  
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1.3.4 Tensile properties of composites 
Due to their exceptional mechanical properties multiwall carbon 
nanotubes have been employed as reinforcing fillers for high-strength 
polymeric composites. In this context, various polymers have been used 
as matrix materials, and various cnt contents were employed. In general, 
the tensile moduli and ultimate strengths of CNT-based composites are 
reported to increase compared to neat polymer. The assessment of the 
data accumulated in numerous studies on carbon nanotube composites 
revealed that effective reinforcement of these materials strongly 
depends on several factors such as: a high aspect ratio of the CNTs, good 
dispersion of the nanotubes in a matrix, good interfacial bonding, 
interactions and mechanical anchoring between CNTs and polymer 
molecules. These simple design guidelines for carbon nanotube 
composites may permit substantial advances in the composites’ 
mechanical properties [Zhang etal 2003, Dalton etal 2003, Geng etal 
2002, Velasco-Santos 2003]. 
The elastic modulus E and tensile strength T were evaluated from the 
recorded stress-strain curves. The Young’s modulus was obtained by 
analysis of the elastic part of the stress-strain curve and calculated from 
[Feynman 1989]: 
     
 
ε
  
 
  
 
  
  
 
      1.5 
where  and  indicate stress and strain in the elastic region of the 
stress-strain curve, respectively. F is the force applied to the sample, A0 
is the original cross-sectional area, l is the length change of the 
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specimen, while l0 is the original length of the sample. The ultimate 
tensile strength was calculated using the equation: 
 
      
    
 
     1.6 
where FMax is the maximum load prior to break and A is the cross-section 
area of the sample. 
 
The interfacial stress transfer remains the key issue for the efficient 
enhancement of the mechanical performance of the composites. The 
external load applied to the composite should be transferred to the 
nanotubes; therefore, only strong interconnections between CNTs and 
polymers may lead to the great mechanical improvement of 
heterostructures. This is the clue to fully utilise the outstanding 
mechanical performance of CNTs in a composite system. 
The stress-strain curves of investigated films are given in figure 1.7. Plots 
show plateau area that would indicate a plastic deformation in the 
elastic part of the stress-strain curve. Two distinct elastic regions can be 
resolved in every graph and have been marked in figure 1.7a. These 
regions are related to the complex behaviour of the composite under 
external stress applied to the sample. Initially (region I) randomly 
orientated and curvy SWNTs tend to align along the stretching direction 
under the load. Consequently, the composite becomes more compact 
and SWNTs become more interwoven and knotted. Region II reflects the 
tensile properties of compact and packed composite with aligned and 
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tight nanotubes; the slope becomes much steeper than in region I, 
resulting in a higher value of the elastic modulus. 
The tensile modulus (obtained from region II) and ultimate strength are: 
65.2 ± 5.3 MPa, 2.1 ± 0.3 MPa, for the pure PLLA; and 223.8 ± 5.3 MPa, 
6.3 ± 0.5 MPa, for a PLLA composite with 0.5% CNT content, respectively. 
The tensile strength of the neat polymers increased roughly around 3 
times; the elastic modulus increased 3.6 times, when SWNTs were 
incorporated into the host material. These results show that the 
presence of carbon nanotubes is crucial for achieving improved 
mechanical properties of polymer composite.  
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Figure 1.7: Stress-strain profiles for (a) composite PLLA-CNT film and (b) 
comparative study of films with various concentration of CNT 
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As shown in table 1.3, PLLA films with SWNT content near to 1 wt.% 
were also investigated. The results show, as expected, a drastic decrease 
in the strength of the composites (figure 1.9.d). Young’s modulus and 
tensile strength are: 82.1 ± 10.6 MPa and 3.73 ± 1.7 MPa, respectively. 
This confirms that composites with greater agglomeration nanotubes are 
far weaker than films with finer blocks of SWNTs. The massive 
aggregation of carbon nanotubes apparently reduces the mechanical 
performance of composites due to the disruption of interfacial 
interaction between CNTs and polymer matrix.  
It was also observed that increasing the loading amount of nanotubes in 
these composites caused a significant increase stiffness, which 
eventually led to brittle fracture, as indicated by lower elongation at 
break in tensile test. As can be seen in figure 1.7.b, the elongation at 
break of the composites slightly decreased from around 0.07 to 0.05 at 
CNT incorporation of 0.5 wt.% and 1.3 wt.%, respectively. Complete 
results for three polymers are summarised in table 1.3. 
Table 1.3 presents the tensile strength and elastic modulus measured 
experimentally as a function of SWNT concentration for PLLA, PCL and 
PLGA. The mechanical properties of the spun films were essentially the 
same, suggesting that the three-dimensional distribution of nanotubes 
controlled the failure mechanism. The tensile analysis leads to the 
following observations: 
 Modulus increases with increasing SWNT concentration up to 
optimum CNT content then decreases. The optimum CNT 
additional content are 0.5 wt.% for PLLA and PLGA system. On 
the other hand, PCL system has value of 0.7 wt.%.  
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 The trends for tensile strength and elastic modulus are similar for 
the 3 polymer systems.  
Polymers are either amorphous or semi crystalline. A semi crystalline 
polymer has an amorphous and a crystalline part. The part, which is 
crystalline, has a more or less ordered structure in which the chains of 
the polymer are often folded in a non random fashion. The mechanical 
properties of semi crystalline polymers are strongly determined by the 
crystallites, which usually enhance their stiffness (for example in 
polypropylene). Amorphous polymers are either very brittle 
(polystyrene) or very tough (polycarbonate). It is quite difficult to predict 
the mechanical properties of a semi crystalline material since it is 
determined by many parameters (such as its percentage of crystallites). 
It is more feasible to understand the mechanical properties of an 
amorphous polymer. 
Comparing the data, it can be concluded that CNTs/PLGA composites 
showed significantly low values than that of PLLA or PCL system. This 
might due to the property of the PLGA material which is composed of 
PGA and PLA. As mentioned before PGA has relatively high portion of 
crystallinity (45-55%) which made it hard to dissolve in polymer. On the 
contrary, PLLA is an amorphous polymer so is less problematic to 
dissolve [Gilding and Reed 1979]. Therefore, we found a maximum value 
of 0.8 wt.% CNT incorporation into the PLGA system to form a uniform 
dispersion.  
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Table 1.3 Properties of CNT composite films 
Sample Volume 
fraction of filler 
(Vol %) 
Elastic Modulus 
(MPa) 
Tensile Strength 
(MPa) 
Pure PLLA -- 65.16 ± 5.3 2.16 ± 0.3 
PLLA + 0.2 wt.% CNT 0.1 105.24 ± 7.0 2.72 ± 0.3 
PLLA + 0.3 wt.% CNT 0.2 223.83 ± 5.3 4.15 ± 1.7 
PLLA + 0.5 wt.% CNT 0.3 236.25 ± 8.1 6.3 ± 0.5 
PLLA + 0.7 wt.% CNT 0.5 159.0 ± 15.0 5.6 ± 2.2 
PLLA + 0.8 wt.% CNT 0.6 139.33 ± 14.2 4.4 ± 0.6 
PLLA + 1.3 wt.% CNT 0.9 82.08 ± 10.6 3.1 ± 0.6 
    
Pure PCL -- 63.75 ± 4.5 4.32 ± 1.3 
PCL + 0.2 wt.% CNT 0.1 91.25 ± 8.1 4.2 ± 0.3 
PCL + 0.3 wt.% CNT 0.2 142.0 ± 5.7 6.81 ± 0.3 
PCL + 0.5 wt.% CNT 0.3 156.0 ± 19.8 8.15 ± 0.1 
PCL + 0.7 wt.% CNT 0.4 162.50 ± 4.9 8.25 ± 1.1 
PCL + 0.8 wt.% CNT 0.5 130.50 ± 9.9 7.5 ± 0.1 
PCL + 1.3 wt.% CNT 0.8 107.0 ± 4.3 4.87 ± 0.7 
    
Pure PLGA -- 14.05 ± 5.0 0.64 ± 0.6 
PLGA + 0.2 wt.% CNT 0.1 20.15 ± 3.7 0.74 ± 0.2 
PLGA + 0.3 wt.% CNT 0.2 33.0 ± 6.1 1.36 ± 0.1 
PLGA + 0.5 wt.% CNT 0.3 84.91 ± 10.1 4.2 ± 1.2 
PLGA + 0.7 wt.% CNT 0.5 42.0 ± 3.5 3.06 ± 2.6 
PLGA + 0.8 wt.% CNT 0.6 32.75 ± 2.1 1.75 ± 1.0 
 
The absolute increase of the elastic modulus and tensile strength of 
these composites has been shown to change by a factor in the range of 
2.5–3.6 and 1.9-2.9  (Ec/Ep and Tc/Tp), indicating relatively moderate 
reinforcement of the polymeric systems with CNTs. On other hand, PLGA 
composites demonstrate the greatest increase of elastic modulus and 
ultimate strength at around 6 and 6.6 times. Similar reports on CNT 
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reinforcement on biodegradable polymer system are summarised on 
table 1.4 as follow. 
Table 1.4 Result of similar experiments by other researchers 
CNT/polymer system Ec/Ep Tc/Tp Reference 
PLLA + 1.2 wt% CNT 1.45 1.1 Kim et al 2007 
PLLA + 1 wt.% CNT 1.09 1.17 Kuan et al 2008 
PCL + 0.5 wt.% 1.68 1.12 Lee et al 2011 
PLLA + 2 wt.% 2.0 1.25 Moon et al 2005 
PCL/PLA + 2 wt.% 2.0 N/A Lahiri et al 2009 
PCL/PLA + 0.5 wt.% 3.75 1.45 Wu et al 2009 
 
These results underline the remarkable effect of carbon nanotubes on 
the tensile properties of polymeric composites. The simple mixing 
technique can be efficiently applied for the fabrication of strong, 
homogeneous composites with carbon nanotubes as filler for a 
maximum 0.7 wt.%. This is achieved by strong interfacial bonding 
between SWNTs and polymer, mediated by electrostatic attraction, van 
der Waals adhesion, mechanical interlocking. The SWNT morphology 
provides structural anchors, which enhance the mechanical bonds 
between SWNTs and the polymer.  
In an attempt to understand the reinforcement mechanism, Manchado 
summarised that there are four main system requirements for effective 
reinforcement. These are large aspect ratio, good dispersion, alignment 
and interfacial stress transfer. Dispersion is probably the most 
fundamental issue. Nanotubes must be uniformly dispersed to the level 
of isolated nanotubes individually coated with polymer. This is crucial 
point in order to achieve efficient load transfer to the nano-tube 
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network. This also results in a more uniform stress distribution and 
minimises the presence of stress concentration centres. The effects of 
poor dispersion can be seen in a number of systems when the nanotube 
loading level is increased beyond the point where aggregation begins. 
This is generally accompanied by a decrease in strength and modulus as 
indicated by various authors [Moon et al 2005, Huda et al 2005].  
 
1.3.5 Analytical micromechanical models 
In the simplest possible case a composite can be modelled as an 
isotropic, elastic matrix filled with aligned elastic fibres that span the full 
length of the specimen. It assumes that the matrix and fibres are very 
well-bonded. Then, on application of a stress in the fibre alignment 
direction, the matrix and fibres will be equally strained and the total 
stress is the sum of the contributions. Under these circumstances, the 
composite tensile modulus in the alignment direction, Ec, is given by  
                      1.7 
where Ef is the fibre modulus, Em is the matrix modulus and Vf is the 
fibre volume fraction. This is the well-known Voigt’s rule of mixtures 
[Callister 2003]. Voigt model was assumes a parallel connection between 
two moduli whereas Reuss uses series connection. Therefore, Reuss 
model is also applied and given by: 
      
  
  
 
      
  
 
  
    1.8 
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In most cases these parallel and series models serve as an estimate of 
the upper and lower bounds of the blend modulus. However, this 
describes a rather idealised situation; fibres are generally much shorter 
than the specimen length. Additionaly, above models were lack in 
considering the fibres dimension and orientation. 
Numerous micromechanical models (e g. [Eshelby 1957, Hill 1965, Mori 
and Tanaka 1973, Ashton etal 1969, Halpin 1969, Halpin and Kardos 
1976, Cox 1952]) have been proposed to predict the elastic constants of 
discontinuous fibre composites. These models generally depend on 
parameters including particle/matrix stiffness ratio Ep/Em; particle 
volume fraction Vf; particle aspect ratio L/D; and orientation. In 
applications relevant to the present study, the particles and the matrix 
are assumed to be linearly elastic. Here, Ep and Em denote the elastic 
moduli of the particle and the matrix, respectively.  
Tucker provides a good review of the application of several classes of 
micromechanical models to discontinuous fiber- reinforced polymers. He 
notes that, of the existing models, the widely used Halpin–Tsai equations 
[Ashton 1969, Halpin 1969, Halpin and Kardos 1976] give reasonable 
estimates for effective stiffness. On the other hand, the Mori– Tanaka 
type models [Mori and Tanaka 1973; Tandon and Weng 1984] give the 
best results for large- aspect-ratio fillers. Therefore, we focus on 
prediction based on Halpin-Tsai model. 
For aligned fibre composites, the Halpin–Tsai model gives the composite 
modulus to be: 
         
           
      
      1.9.a 
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      1.9.b 
For randomly orientated composites the expression becomes: 
 
  
  
  
 
 
  
             
      
   
 
 
  
        
      
   1.10.a 
Where 
     
         
              
     1.10.b 
And 
      
         
         
     1.10.c 
 
Both rule of mixtures and the Halpin–Tsai equations were taking Em = 
500 GPa and l/D = 500. A number of the systems studied report values in 
this range [Coleman et al 2004, Kearns and Shambaugh 2002, Putz et al 
2002]. It should be emphasized here that L is not the true or actual 
length of the nanotubes in the composite, but it can be considered as 
the effective nanotube length responsible for reinforcement in the 
composite system. 
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Figure 1.8: (a) Comparative studies of experimental elastic modulus with 
prediction using Halpin-Tsai model, Voigt and Reuss model;  prediction of 
elastic modulus using Halpin-Tsai  both aligned and random calculation for (b) 
PLLA composites; (c) PCL composites and (d) PLGA composites. 
Note that any difference in the calculated and measured values in 
different composites can be attributed to differences in interfacial 
strength in different systems or in the same system at different 
nanotube loading. 
As predicted, Voigt model which take into account the total stress of 
fibres and matrix correspondingly, shows a much higher values than 
experimental data (figure 1.8a). On the other hand, Reuss model, as 
lower bound of rule mixture, gives closer prediction. However, Reuss 
model failed in following the trend of elastic modulus with increasing 
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CNT. The Reus estimates were gave constantly values during the addition 
of 0.2-1.3% CNT. On the other hand, Halpin-Tsai random model gives 
closer prediction to experimental data. Therefore, Halpin-Tsai random 
and aligned models were then taken into account in estimating the other 
composite systems.  
Moreover, figures 18.b-c-d depicts that the real values were in the range 
between aligned and random fibre composites model, except for PLGA 
+0.5 wt.% CNT. However, at higher nanotube volume fractions (more 
than 0.8 mass %) the deviation from the model is greater.  The reason for 
this difference is that the models are not suitable for massive CNT 
agglomeration in polymer matrix. Halpin-Tsai equation is derived based 
on the assumption that stress transfer between polymer matrix and 
nanotube is perfect. The interfacial shear strength is an important 
parameter for any fibre-reinforced composite and many studies have 
been devoted to it. The first thing to determine is whether any stress is 
transferred to the nanotubes at all. Hence, non-uniform dispersion of 
CNT leads to poor stress transfers to the matrix.  
 
1.3.6 Numerical micromechanical models 
Models of representative volume element (RVE) of the CNT/polymers 
were constructed. The construction can be described by a set of 
geometric features of such as particle volume fraction, particle aspect 
ratio, and particle orientation distribution. In this work, we focus our 
attention on the simplified case of uniform, well-aligned in an isotropic 
matrix. A typical RVE (fp =0.02, L/D=1000) used in the finite element 
method (FEM) of this paper is shown in figure 1.9. 
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Several assumptions are made for theoretical modelling. Firstly, CNTs are 
homogeneously dispersed in the CNT/ polymer composites and have 
uniform dimensions including their length, inner, and outer diameters. 
Secondly, there is no direct interaction between the adjacent CNTs.  
 
Fig 1.9 A typical RVE for FEM micromechanical simulation (fp =0:02; L/D= 1000; 
number of particles in the RVE=36).  
 
The RVE dimensions are large compared to the characteristic size of the 
particle; the number of particles included in the RVE is sufficient enough 
(40). The dimensions used and parameters for the full square RVE are: 
Table 1.5 Parameters for FEM simulation in COMSOL environment 
Parameter Polymer matrix CNT units 
Length  600  1  µm 
Width 600  --  
Diameter  -- 1 nm 
Young modulus, E 0.065 500 GPa 
Poisson’s ratio,  0.45 0.33  
Density ,  1120 1800 Kg/m
3 
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Two-dimensional plane strain simulations of well-oriented random 
particle distributions are subject to small- strain axial tensile loading. 
Periodic boundary conditions expressed in terms of the macroscopic 
strain tensor  are applied to the RVE. The macroscopic normal strain m 
is used to drive the deformation of the entire RVE. 
The principle of virtual work has been used to calculate the overall 
mechanical response of the RVE, following Danielsson et al [2002]. 
Practically, we were taking into account of small deformation gradients. 
The stress  is derived from forces of two ‘auxiliary nodes’ with respect 
to the ‘displacement’ as strain . 
 
 
Fig. 1.10  shows the axial strain contour in a RVE loaded to  = 0.08 for (a) 
aligned particle orientation and (b) random orientation. 
The plane strain FEM simulation results of Ec/Em are compared with the 
analytical random Halpin-Tsai model solution in figure 1.11. In particular, 
Ec/Em is predicted to increase almost linearly with CNT mass fraction by 
both FEM simulations and the Halpin-Tsai model. 
Material Design 
64 
 
 
Fig. 1.11 Predictions of the effective longitudinal modulus for CNT/PLLA 
composites 
We compare the experimental data with both simulation results and 
predictions from the Halpin–Tsai model. The FEM models give more 
precise predictions than the Halpin-Tsai model, but the latter provides a 
reasonably accurate analytical estimate for the nanocomposite modulus. 
 
1.3.7 Impedance measurement  
The resistivity was measured by both two-point and four-point methods 
for comparison. The two-point method is preferred in this study, since it 
is more straightforward in a resistivity-strain dependence test. However, 
the contact resistance between the sample and the electrodes can affect 
the measurement when its value is comparable with the sample 
resistance. Hence four-point method, where the contact resistance can 
be eliminated, was used to check the validity of the two- point methods. 
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The resistivity measured by both methods on samples with different CNT 
loadings is listed in Table 3.1.  
Table1.6: Comparative study on resistivity measurement using two and four 
probe methods (unit in Ohm). 
CNT loading 0.2 wt.% 0.3 wt.% 0.5 wt.% 0.7 wt.% 
2 probe 
method 
23.3 ±3 x103 8.05 ±1.6 x103 2.63 ±0.6  0.73 ±0.2 
4 probe 
method 
19.8 ±3 x103 6.41 ±0.9 x103 3.21 ±0.5 0.84 ±0.1 
 
It is can be observed from table 1.6 that there was no significant 
difference between the two-point measurement and the four-point 
measurement. Hence, resistivity measured by the two-point 
measurement is plausible and valid for further electrical 
characterisation. 
In this study, impedance measurements have been performed in a 
frequency range of 20 Hz – 2 MHz. Figure 1.12 shows the magnitude and 
phase part as a function of frequency for SWNT/PLLA composites with 
different carbon nanotube contents. In general, the impedance 
magnitude decreases with an increase of MWNT loads in the entire 
frequency range. However, this decrease is more pronounced at lower 
frequencies. The magnitude part of the impedance of the 0.5 wt% 
composite is four orders lower than that of neat polymer at 1 MHz. The 
increase of impedance phase is related to the decreasing of capacitive 
property in composites. Figure 1.12.b therefore, shows ohmic behaviour. 
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While pure PLLA films are insulating materials, increasing the SWNT 
content transformed them to highly conductive compounds. The intrinsic 
properties of the SWNTs lower the volume fraction necessary to reach 
the percolation threshold compared to traditional fillers such as carbon 
black. Besides their highly conductive graphitic structure, SWNTs have a 
higher aspect ratio (L/D=1,000 in this case), establishing an efficient 
conducting network inside the matrix at much lower concentrations. 
 
 
Figure 1.12: (a) Impedance magnitude profiles and (b) impedance phase 
profiles for CNT content of 0, 0.3, and 0.5 wt.%. 
 
1.3.8 Electrical conductivity calculation 
The electrical conductivity of the composites was determined by using 
equation 1.4. The results from the electrical conductivity measurements 
of the composites with various concentrations of are presented in table 
1.7. Table 1.7 shows the effect of CNT incorporation on the conductivity 
of CNT/polymer composites. At very low content of CNTs, the 
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conductivity gradually increased with increasing nanotube content. 
Carbon nanotubes in the polymer matrices can connect with each other, 
and subsequently form an interconnecting conductive pathway, meaning 
an electrical percolation threshold. Additionally, the conductivity values 
are found in range of 2x10-3 – 2x101 S/m which is in the range of 
SWNT/polymer system that has been reported, 1x10-7 – 1x102 S/m [Deng 
et al 2005].  
Table 1.7: Result of conductivity calculation 
CNT mass fraction 
(%) 
Conductivity (S/m)  
PLLA PCL PLGA 
0 2.65 x10-5 1.72 x10-5 9.21 x10-6 
0.2 4.25 x10-5 5.71 x10-5 1.79 x10-5 
0.3 1.2 x10-4 2.53 x10-4 2.21 x10-5 
0.5 0.38 0.52 0.042 
0.7 1.37 0.85 0.028 
0.80 0.77 0.56 0.009 
1.3 1.00 0.33 -- 
 
At low loadings of carbon black, the conductivity of the compounds was 
very low. This was because the carbon black particles were isolated from 
each other, and there was no conducting path. As the loading of carbon 
blacks was increased, the conductivity increased rapidly up to a 
particular concentration, thereafter, the increase in conductivity was not 
so rapid. This is because, when the amount of carbon black was 
increased, cluster or aggregates of carbon blacks were formed and a 
conducting path was formed. Thus, the internal contact resistance 
between the aggregates decreased as the loading level increased. Once a 
high enough loading was reached so that contact resistance between the 
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aggregates was no longer significant and there was no significant 
increase in conductivity with a further increase in loading. 
 
Figure 1.13.a shows the conductivity spectra as a function of frequency 
for composites with different concentrations of SWNT. For comparison, 
the experimental results of PLLA composites with the pure PLLA polymer 
are also shown. These spectra were plotted to near zero frequency (20 
Hz), to observe plateau lines. The plateau is slightly visible for the 
composite with 0.3 wt.% SWNT and is clearly seen for the composites 
containing more than 0.5 wt.% SWNT. The conductivity of composites 
sharply increases in order of 10,000 (the pure polymer has value around 
2.10-6 S/m) at around 0.5 wt% for the SWNT indicating the formation of a 
percolating net-work (as seen in table 1.7). Figure 1.15 summarises the 
resulting specific conductivities of the PLLA samples which highlight the 
importance of nanotube clustering for the formation of a conductive 
network. 
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Figure 1.13: (a) Specific AC conductivity as a function of CNT content; (b) as 
function of polymer material and (c) the comparative study of conductivity at 
value near to 0 Hz for all CNT/polymer materials.  
As described previously, SWNTs were dispersed in various polymer 
matrices (PLLA, PCL and PLGA). These composites were prepared by 
mixing a solution polymer with a dispersion of nanotubes. A volume ratio 
of nanotubes to polymer 1:3 was needed to disperse properly the 
SWNTs in polymer solution (i.e. to obtain suspensions stable for at least 
two weeks). A simple processing condition was used: the mixture was 
spun and evaporated in room temperature. From microscopy 
observation of figure 1.8 obtained from 0.5 wt.% SWNT-filled composite, 
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one can notice good nanotube dispersion. However, PLGA materials 
show a strong difference in their electrical properties. As shown in figure 
1.13c where the experimental data is presented, PLGA material shows a 
lower conductivity level.  
Such differences in electrical properties can be explained by a difference 
of tube–tube contact electrical properties between PLLA/PCL and PLGA 
systems. An assumption was then made of a higher amount of 
crystallinity in the case of PLGA materials. The organisation of this tube-
polymer network in the film is highly uncertain due to the low solubility. 
This kind of network could strongly modify the electrical properties of 
tube–tube contacts. Therefore, correspondingly to mechanical property 
explanation, the conductivity analysis leads also to observation: 
 Conductivity increases with increasing SWNT concentration up to 
optimum CNT content then decreases.  
 The optimum CNT additional content are 0.7 wt.% for PLLA and PCL 
system. Alternatively, PLGA system has optimum value at 0.5 wt.%. 
 
1.3.9 Theoretical prediction of effective conductivity  
The model of agglomeration described above was further explored by 
determining the percolation thresholds for this system as a function of 
nanotube content. Here again, the formation of conductive clusters 
appeared to be controlled by agglomeration in the polymer matrix.  
The conductivity values at 20 Hz of the SWNT concentration in the PLLA 
composites are plotted in figure 1.14. The experimental data was fitted 
to a percolation scaling law to obtain the critical filler concentration (pc), 
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and the conductivity exponent, t. As described in section 1.1.2, the 
percolation scaling law is given by: 
             
     1.1 
The concentrations would most commonly be expressed as volume 
fraction (p) of filler particles, however, in the current case, since the 
density of the nanotubes can only be estimated approximately (1.7–1.9 g 
cm3), weight fractions have been used. Since loading fractions are very 
low, the only effect is to alter the constant of proportionality in Eq. (1.1). 
Volume fraction based percolation thresholds may be estimated by 
multiplying the weight fraction results by the approximate matrix:filler 
density ratio (1.127/1.8) for PLLA. 
 
 
Figure 1.14: Prediction of the effective conductive for CNT/PLLA composites 
with effect of power constant 
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Since PLLA is an insulating polymer with conductivity near to 10-6 S/m, 
the percolation threshold was observed at 3 wt%, where the 
conductivity jumped from 10-6 S/m (insulating region) to ~10-3 S/m 
(conducting region). By fitting the plot of log ( ) versus log (p-pc), the 
values of correlation coefficient (R) and t were estimated to be 0.96 and 
1.75 respectively.  Figure 1.14 shows the estimate of CNT/PLLA 
composites by applying t constants from 1.6-1.8.  By eliminating the 
conductivity at 1.3% CNT as an outlier, t constant at around 1.7-1.8 
closes the experimental data. Table 1.8 summarises the prediction for 
three composite systems.  
 Table 1.8 Result of fitting experimental data with percolation scaling law 
Polymer 
system 
Volume filler 
critical (%) 
Mass filler 
critical (%) 
Power constant Error (%) 
PLLA 0.20 0.32 1.75 11.7 
PCL 0.20 0.31 1.71 13.5 
PLGA 0.18 0.29 1.82 16.2 
 
The SWNT critical percolation occurred at around 0.3 wt. % which applies 
for all our polymer systems (table 1.7). These results are interesting in 
that the power constants are lower than would be theoretically 
predicted for a 3D percolation occurred to be about 2. This discrepancy 
could be explained in terms of the SWNTs starting to aggregate in much 
lower concentration (about 0-0.2%).  
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Table 1.9 Similar studies on percolation studies of CNT filler in polymer 
CNT/polymer system Mass filler 
critical (%) 
Power 
constant 
Reference 
CNT/PCL  1–2 2.0 Nogales et al 2004 
CNT/PCL+PLA  0.2 1.9 Wu et al 2009 
CNT/PLLA 13.5 1.1 Zhang et al 2006 
CNT/PS 0.27 2.0 Chang et al 2006 
CNT/PMMA 0.33 2.1 Benoit et al 2001 
CNT/PHT 0.2 0.9 Nogales et al 2004 
 
It is interesting that the critical concentration threshold of our polymer 
systems is relative similar to those samples prepared by melt mixing as 
summarised in table 1.8. As discussed in the section on morphology 
(section 1.3.1), the interface-localised MWCNTs tend to be arranged 
more ordered during spin casting. 
However, the model does not address the interparticle or the matrix-
particle interactions, so that the effect of van der Waals forces and 
Coulomb interactions due to static charging of the particles are 
neglected. Furthermore, kinetic effects such as the Brownian motion of 
particles are also ignored. Therefore, the results in this study and 
perhaps nanotube dispersions in general, must be discussed in the 
framework of colloid theory and solution dynamics. 
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1.3.10 Electromechanical characteristics 
Fukada and Yasuda first demonstrated that dry bone is piezoelectric 
material [Fukuda and Yasuda 1975]. They hypothesised that the 
piezoelectric properties played role in bone remodelling. Furthermore, 
some researcher concluded that electrical properties of bone are 
relevant not only as a hypothesized feedback mechanism for bone 
remodelling, but also in the context of external electrical stimulation of 
bone to aid its healing and repair [Basset et al 1977, Brighton et al 1977]. 
Therefore, investigation of piezoelectric property for bone scaffold 
material becomes interesting.  
The sensitivity of the piezoresistive material had been measured by 
observing the relative change in resistance as a function of strain. The 
mechanism was performed by measuring impedance of films in parallel 
with the tensile test. The result of 0.7% CNT composite films content 
were plotted in figure 1.15.  It was found that the change in impedance 
magnitude was proportional to the change in length. The piezoresistive 
effect of the strain gauge can be quantitatively expressed by a gauge 
factor, G, which is defined as the change in resistance per unit strain: 
       
  
  
 
 
    (1.10) 
where  
Ro = resistance at initial time  
R = the change in resistance respect to initial time value 
 = strain 
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Figure 1.15: (a) Plot of strain vs stress and impedance magnitude and (b) strain 
versus normalised resistance at elastic region for 0.7 wt% CNT.  
As the specimen film was strained, impedance magnitude was also 
modified as shown figure 1.15a. Here, the impedance profile was 
increased significantly from value of 25 kΩ to 75 Ω at the end of tensile 
test. This suggests that the composite film is still in conducting region 
after the tenstile test. As the definition of gauge factor, the normalised 
resistance, R/Ro is should be reversible with strain and compression. 
Therefore, only the elastic region is accounted for the calculation of 
gauge factor. In this case, the elastic region is observed until elongation 
of 0.03 (see figure 1.15.a) and then plot in figure 1.15.b. Note that the 
profile of normalised resistance is similar to the impedance magnitude. 
The gauge factor is easily determined by calculating the slope of the 
curve fitting from figure 1.15.b.    
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Table 1.10 Calculation of Gauge factor as function of CNT content 
CNT concentration Gauge Factor 
0 -- 
0.2 0.09 ± 0.05 
0.5 36.3 ± 12 
0.7 20.4 ± 2 
0.8 8.5 ± 0.6 
1.2 6.7 ± 0.5 
 
Table 1.10 summarises the gauge factor of CNT/PLLA composite as a 
function of CNTs weight content. It can be observed that the higher CNT 
content, the smaller the gauge factor. The gauge factor corresponds to 
the elastic modulus of the composite membrane. The higher the CNT 
content, the higher the elastic modulus. As a stiffer material (correspond 
with higher elastic modulus), it will more prone to higher strain. 
Therefore the part of elongation is tend to minimum for stiffer material. 
As a reference, gauge factor of a stiff material such as metal is around 2. 
Another aspect is obviously from the view of CNT conducting network. 
The more CNT content corresponds to the more networks to allow 
conductive percolation. With the same strain applied, a film with higher 
CNT content still establishes this percolation network.  Hence the 
normalised resistance tends to be lower compared to a low CNT content 
film. 
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1.4 Conclusion 
We have dispersed CNT in organic solvent and incorporated into 
PLLA/PCL/PLGA matrices through simple mixing. The result obtained 
show that the CNT/polymer composites exhibited not only a good 
dispersion, but also an improvement in mechanical and electrical 
properties. 
CNTs are effective reinforcements, in terms of both mechanical 
strengthening in biodegradable scaffold applications. Addition of 0.5-0.7 
wt.% CNT gives a better dispersion in the PLLA/PCL/PGL matrix, whereas 
more than 0.8 wt.% CNT addition leads to their massive agglomeration.  
The dispersion of CNT in polymer matrices resulted in substantial 
decreases in the electrical resistivity of the composite material.  
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2. Fabrication and Characterisation of 3D Conductive 
Scaffolds using PAM system.   
 
Abstract 
This work focuses on the development of porous scaffolds by the dispersion of 
single walled carbon nanotubes into poly(lactid acid) solution. The porous 
structures are designed through a rapid prototyping system, PAM system. 
Impedance measurement confirmed that it is possible to produce simple square 
grid structure with improved electrical conductivity by a factor of 10,000 in 
comparison with that of pure polymer. Additionaly, mechanical testing and 
structural analysis confirmed the structure effect on mechanical properties.  
 
2.1 Introduction 
An optimal scaffold should be porous in order to allow appropriate 
diffusion of biochemical cues and removal of cellular waste as well as 
have mechanical properties that mimic the target tissue that is being 
generated. Soft tissues have Young’s moduli of 0.4-350 MPa, whereas 
hard tissues are in the range of 10-1,500 MPa [Hollister 2005]. These 
structures not only have to integrate the critical properties of 
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permeability and strength, but also should be easily produced in complex 
3D anatomical-like constructs. 
Mimicking the in vivo micro-architecture around cells can improve the 
functionality of the growing tissue [Tsang and Bhatia 2004]. For 
colonisation of macropores to occur, the minimum pore size in which 
bone will form is claimed to be approximately 100µm [Chang et al. 
2000]. Other researchers have created scaffolds with pore sizes of 
between 150-300µm and 500-710µm to promote bone formation 
[Ishaug-Riley et al. 1998, Mikos et al. 1993]. However many of these pore 
sizes were determined using random pore geometries, and hence do not 
define optimum pore sizes accurately. Furthermore, the pore size 
employed may also be dependent on the tissue-type desired. For 
example scaffolds with pore sizes less than 150 µm have been 
successfully used for regeneration of skin in burn patients [O’Brien et al. 
2004]. In addition to this, the pore size should be in the range of 50-500 
µm to facilitate the seeding and ingrowth of cells and the formation of 
tissue in cartilaginous matrix [Katoh et al 2004].  
 A large variety of scaffold manufacturing techniques over the past 
decade has enabled significant leaps in creating constructs at microlevel. 
These fabrications technologies are well-summarised in a review by 
Tsang and Bhatia, as shown in table 2.1 [Tsang and Bhatia 2004]. Briefly, 
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most researchers classify them into two groups which are conventional 
and advanced fabrication techniques. 
Several techniques have been developed to fabricate scaffolds. These 
include solvent-casting and particulate-leaching, gas foaming, fibre 
meshes/fibre bonding, phase separation, melt moulding, solution casting 
and freeze drying. These methods of fabricating scaffolds have largely 
been unsuccessful in controlling the internal architecture to a high 
degree of accuracy or homogeneity, they have long fabrication time and 
present incomplete removal of residual particulates. 
Advanced manufacturing technologies such as rapid-prototyping (RP) or 
solid free form (SFF) technologies have overcome some of these 
limitations, allowing for greater control internal scaffold geometry [Bose 
et al. 1999, Chu et al. 2002, Hollister et al. 2002, Hutmacher 2000, 
Wintermantel 1996, Xiong et al. 2001]. SFF methods are based on the 
premise that a material in either powdered or liquid form is solidified 
one layer at a time. It is thus an additive process unlike traditional 
methods of manufacturing which are subtractive based. Each layer is 
created as defined by a computer-generated file. Once the layer is 
complete, the platform is indexed downward by one layer thickness and 
the process is repeated. Based on the mechanism, Hollister divided into 
three categories [Hollister 2005]:  
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 (1) laser-based machines that photo-polymerise liquid macromer 
solutions or sintered powder compounds, 
(2) printer-based machines that can print a binder to chemically combine 
powdered materials or direct construct materials, cells, and proteins 
 (3) nozzle-based systems that extrude materials. 
Scaffold fabrication based on laser technology is considered to be the 
pioneer of rapid prototyping techniques and generally involves a laser 
beam directed over the top of a photocurable polymeric material. The 
light initiates a chain reaction in polymer crosslinking, causing material 
solidification only in the exposed areas by the laser beam. The liquid 
polymer solution is contained in a reservoir, and a pre-designed 3D 
construct can be developed on a stage through a layer-by-layer process. 
Laser technology can also provide heat energy to sinter particles 
together where the laser interaction increases the temperature to fuse 
the material together. The main limitations include the usage of toxic 
binders, poor feature symmetry and materials [Chu et al. 2002, Taboas 
et al. 2003]. 
Another fabrication method is based on inkjet printing technology and 
uses droplet formation to melt materials together. The deposited droplet 
is a thermoplastic material that hardens when it cools. The multiple jet 
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heads, as found in a colour printer, could contain various materials to 
create a construct with higher chemical complexity. Boland et al uses a 
wax-like material in a jet head as the support substrate and the 
polymeric material to build the scaffold in another jet head [2002]. 
Additionally, single cells or cell aggregates can be printed onto support 
substrates [Mironov]. Approaches in laser printing technology for cellular 
guidance have also been investigated by Ringeisen et al. [2006]. 
A nozzle-based system to extrude molten ceramics and polymeric 
substrates in a layer-by-layer fashion is another method of creating 
complex tissue engineering scaffolds, as demonstrated by Hutmacher et 
al [Hutmacher et al. 2004, Zein et al. 2002]. This computer-guided and 
filament deposition modeling method was used to create bioresorbable 
polymer with feature sizes ranging from 160-700 µm. Limitation to this 
system is that the operating temperature to extrude these materials is 
too high to use proteins during the fabrication process. On the other 
hand, Vozzi et al. developed nozzle-based system, PAM, to extrude 
polymeric solution which solidifies as soon as the solvent evaporate 
[2002]. 
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Table 2.1: Comparison of 3D scaffolding methods (adapted from Tsang& Bhatia 2004). 
 Advantages Disadvantages Resolution 
(µm) 
Reference 
Heat micro 
moulding 
simple; reusable 
molds 
limited to thin 
membranes, each 
layer must be 
contiguous structure, 
manual alignment 
required 
20-30 Borenstein et 
al 2002, Vozzi 
et al 2003 
Selective laser 
sintering 
high porosity, 
automated 
 
high temperatures 
during process, 
powder may be 
trapped 
400 Leong et al 
2003, Yang et 
al 2002, Lee 
et al 1996. 
Fused deposition 
modelling 
no trapped particles 
or solvents, 
automated 
high temperatures 
during processing 
250-700 Hutmacher 
2001, Leong 
et al 2003, 
Zein et al 
2002. 
3D plotting use of hydrogel 
materials (agar, 
gelatin), automated 
limited resolution 1000 Landers et al 
2002 
Light stereo 
lithography 
ease of use, easy to 
achieve small 
features, automated 
limited choice of 
materials must be 
photosensitive and 
biocompatible; 
exposure of material 
to laser 
70-250 Yang et al 
2002, Cooke 
2003 
Chemicals 3D 
printing 
versatile; high 
porosity, automated 
limited choice of 
materials (e.g. organic 
solvents as binders); 
difficult to reduce 
resolution below 
polymer particle size 
200-500 Park et al 
1998, Kim et 
al 1998, 
Zeltinger et al 
2001. 
Pressure assisted 
microsyringe  
high resolution, not 
subject to heat, 
automated 
Viscosity dependent, 
no inclusion of 
particles 
10 Vozzi et al 
2003 
Moulding matrix 
moulding 
Use of biological 
matrix materials, 
mould fabrication 
can use automated 
methods 
Features must be 
interconnected, 
weaker mechanical 
properties 
200 Sachlos et al 
2003 
 
Composite PAM Fabrication 
84 
 
2.2 PAM Microfabrication system 
PAM system uses Rapid prototyping techniques (RP) for designing 3 
dimensional (3D) regular and ordered scaffolds. With these techniques, 
good architecture reproducibility as well as porosity control of the 
structure can be obtained. PAM enables us to realise 2D and 3D 
microstructures with a resolution from 10 -70 µm made of different 
polymers. Vozzi et al has provided a great detail on the realisation and 
characterisation of 2D and 3D architecture scaffolds [Vozzi et al. 2002, 
2003, Mariani et al. 2006] 
PAM system uses highly accurate 3-D micro-positioner having a 
resolution up to 0.1 µm. Through a microsyringe equipped with a micro-
needle, a pressurised air extrudes polymer solution on a plate. The plate 
is connected to three motors moving independently in the x,y,z 
directions. A computer controls the plate movement so that the polymer 
solution deposits on the plate of designed geometry. 
The microfabrication system picture is reported below (figure 2.2). Three 
independent motors are computer controlled by interface software 
designed on C language. The software enables us to drive the velocity of 
motors and predesign the architecture of the scaffolds. The extrusion 
system is composed of metal syringe with glass needles as the tip. The 
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diameter of the tip was fixed up by using a vertical puller which later 
possible to set the proper flow rate. Lastly, the syringe was connected to 
pressurised air which also was controlled by the software.  
 
Figure 2.1: (a) PAM system and (b) the graphical user interface software which 
was performing a simple quadratic structure 
The polymer solution is deposited from the needle of the metal syringe 
with a constant flow rate on a glass disk. Scaffold is built on layer by layer 
in the vertical direction. Once a layer is completed, another layer is 
deposited according to the designed pattern, thus, resulting in a scaffold 
with interconnected porosity.  
A simple fluid-dynamic model that enables the prediction of the width 
and height of the patterns also has been developed [Vozzi et al. 2002]. 
Even though several simplifications have been made, the model 
provided plausible prediction with the experimental results.  
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Figure 2.2 Descriptions on forces acting on deposition process. 
There are three forces acted during the deposition of a droplet onto the 
glass surface which are: (i) applied pressure, P, inside the syringe and 
critical pressure, P*, due to the solvent evaporation; (ii) weight of the 
polymer inside the syringe; and (iii) dynamic friction between the droplet 
and surface as function of viscosity µ. 
     
  
  
   
  
  
         2.1 
     
   
 
  
  
  
      2.2 
   
Combining volumetric flow (eq 2.1) and Poiseuelle’s approach (eq 2.2) on 
fluid flow inside the capillary syringe gave line width a where 
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Q = volumetric flow (m3/s) 
Rs = diameter of the tip syringe (m) 
µ = polymer viscosity (Pas) 
h = height of polymeric line (m) 
hz = height of tapered zone of the capillary (m)  
vo = motor velocity (m/s) 
P  = applied pressure (Pa) 
P* = additional pressure due to vapour pressure of solvent (Pa) 
 
For this experiment, PLLA +0.7 wt.% CNT dispersion was prepared as 
described in previous chapter.  Several parameters were fixed to 
optimise the deposition such as air pressure at 15 mmHg, motor velocity 
at 4.5 mm/s and diameter of the glass microsyringe at around 100-150 µm.  
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2.3 Experimental Section 
2.3.1 Material preparation 
Initially, poly(L-lactic acid) (PLLA, Lactel,NPPharm, France)was disolved in 
chloroform (Sigma–Aldrich, Italy) to a concentration of 0.2 g/mL. Then, 
single walled CNTs (kind gift from Prof C. Daraio of Caltech University) 
with a density of 2g/cm3 were sonicated in benzene (Sigma–Aldrich) for 
2 minutes to give CNT dispersions o 4 mg/mL. A composite dispersion 
was obtained by sonicating the 2 preparations in a 1:3 CNT:PLLA solution 
and resulting in CNT/PLLA ratios of 0.7 wt.%. 
 
2.3.2 Structure analysis 
Optical microscopy was used to investigate the structure and evaluate 
the microstructure of realised 3D scaffolds. Olympus AX70 optical 
microscope equipped with Olympus C-5060 Camera and image 
processing software was utilized. 
 
2.3.3 Tensile test 
The samples of scaffolds were strained up to 10% of length deformation 
on a Zwick Roell tensile testing machine (model Z005) employing a 
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deformation rate of 0.05 mm/minute. All data were instantaneously 
recorded with a computer. The Young’s modulus was obtained by 
analysis of the elastic part of the stress-strain curve and calculated from:  
     
 
 
  
 
  
 
  
  
 
      1.5 
where  and  indicate stress and strain in the elastic region of the 
stress-strain curve, respectively. F is the force applied to the sample, Ao 
is the original cross-sectional area, l is the length change of the 
specimen, while lo is the original length of the sample. The ultimate 
tensile strength was calculated using the equation: 
      
    
 
     1.6 
where FMax is the maximum load prior to break and A is the cross-
section area of the sample. 
Replicate measurements were made for different samples and the 
results were quoted as average values ± standard deviation.  
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Figure 2.3: Specimen preparation of composite scaffolds in tensile test 
 
2.3.4 Impedance measurement  
The scaffold specimens were glued with two Pt wires to the opposite 
ends. Thus, a two probe method was conducted to measure the 
impedance.  The instrument used was Agilent 4086 LCR meter which 
connected with PC through LabView as interface software controller. 
Voltage amplitudes of 1V AC were applied during impedance 
measurement. The characterisation was monitored during a frequency 
range of 20 Hz to 1 MHz.  
Specific conductivity  was calculated as previous chapter by using the 
relation: 
         
 
        
 
 
 
    1.3 
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where A is the surface area, t is the sample thickness and |Z*(f)| is the 
complex impedance of the sample as a function of frequency. 
 
2.4 Results and Discussions 
2.4.1 Structural Observation 
PLLA+CNT 0.7 wt.% films were optically homogeneous when processed 
with spin casting method as described in previous chapter. This section 
elaborates the deposition of the PLLA/CNT dispersion using PAM system 
to form 3D scaffold architecture.  
Simple quadratic scaffolds with 1 and 2 layers were designed as pictured 
in figure 2.4. Two layer scaffolds were obtained by the superposition of 
two sequential quadratic layers with shifting of 150 µm in x-y direction 
for the second layer.  
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Figure 2.4: The designed of (a) one layer and (b) two layer scaffolds with 750 
µm square grid. 
The optical images of realised scaffolds are reported in figure 2.5 below. 
Setting the proper combination of process parameters was very 
important to produce homogeneous and high fidelity of scaffold lines. 
The term homogeneous was addressed to CNT particle distribution along 
the scaffold lines. As described in previous chapter, the uniform 
dispersion is the important key in reinforcing the polymer matrix and 
also good conductive material. Wrong setting of the machine combined 
with an improper polymer solution viscosity resulted in defects being 
created in the final scaffold structure.  
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Figure 2.5: Sample of (a) one layer and (b) two layers quadratic CNT/PLLA 
scaffolds 
Optical images showed a line width of around 280 µm and 500 µm side 
square holes (figure 2.5.a) for 1 layer scaffold. Two layer scaffolds, as 
predicted, resulted in wider line width and smaller square holes (figure 
2.5b). In our case, it is found that the diameter tip and CNT content 
played more important role rather than variables as described in eq. 2.4. 
This might due to the CNT agglomeration growing during the deposition 
process. For instance, a higher pressure resulted in quicker solidification 
of CNT dispersion.  Therefore, it was easier to fix the air pressure and 
velocity of the motor so that pores size and shape could be varied 
depending on tip diameter.  
A prediction of realised line width was calculated by equation 2.4 that 
has developed as follow: 
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     2.4 
The prediction line width were calculated by inserting our working 
parameters (P+P* = 15 mmHg; hz = 10 mm and vo= 4.5 mm/s and 
viscosity of 0.5 Pas). Viscosity was assumed from report of Park et al. 
that worked on similar dispersion system [Park et al. 2008]. Additionaly, 
the predicted line width in two layer scaffolds were calculated by adding 
150 µm to result of one layer line width. Table 2.2 summarises the line 
width of scaffolds which produced by diameter tip of ±130 µm. 
Table 2.2: Prediction of line width using analytical calculation 
Scaffold structure Line width (µm) 
Experimental Prediction 
One layer 273 ± 11 226.28 
Two layer 421 ± 15 376.27 
 
A margin error of ± 16% and 11% were reported for scaffold with one 
and two layer respectively. A correction on effective diameter tip could 
be adapted since clogging CNT usually visible in real case. Thus, the 
particles throttled the solution in syringe.   
In general, 3D CNT scaffolds were more difficult to process than using 
pure polymer solutions. However, several limitations were indicated. 
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Attempts to microfabricate scaffolds with more concentrated CNT 
dispersion (> 0.8%) were not successful due to massive clogging in 
syringe. 
High CNT content, causing the polymer solution to flow discontinuously 
and to stuck at the tip. Similar results were observed when the diameter 
tip was too small i.e. <120 µm. Non-continuous flow created defects in 
the scaffold such as missing of CNT in polymer deposition; moreover, line 
width did not bind each other (figure 2.6a).  
 
Figure 2.6: Defects on CNT/PLLA scaffolds: (a) non-continuous flow of CNT 
dispersion caused by small tip and (b) collapsing structure caused by high 
diameter tip.  
CNT/PLLA dispersion was a binary solvent consisted of benzene and 
chloroform. The higher boiling temperature of benzene made it difficult 
to evaporate quickly from deposited material. Hence, the polymer 
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dispersion spread on the collecting platform and following layers 
collapsed one over the others (figure 2.7.b). 
Proper solution concentration was the most important process 
parameter to set for CNT/PLLA scaffolds microfabrication. At low 
polymer concentration (until 0.5%), the solution flowed out easily 
through the needle. At 1 wt.% CNT/PLLA concentration, the solution 
behaved as a gel and tends to solidify quickly in syringe. A 0.7 wt.% 
CNT/PLLA solution concentration resulted to be the optimal as regards 
the easiness of the process and the quality of the obtained scaffolds. 
 
2.4.2 Mechanical Property Measurement 
The scaffolds need to possess specific mechanical properties to be able 
to maintain the predesigned structure and correct tissue reconstruction. 
The mechanical strength and flexibility of these matrices is particularly 
important in bone tissue engineering where scaffolds are placed in load-
bearing regions. Carbon nanotubes, which are used in this study as the 
main building material, exhibit outstanding mechanical properties (see 
chapter 1). Therefore, the produced scaffolds are expected to fulfil the 
mechanical requirements for the scaffolds. Moreover, the used layer by 
layer deposition technique allows the fabrication of a matrix with a 
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higher concentration of carbon nanotube contents, even up to and a 
uniform distribution of the CNTs in the polymer matrix. 
Figure 2.7 shows stress strain graphs of both 1 and 2 layer scaffolds and 
CNT/PLLA film.  Fig 2.7.a shows a plateau area that indicates plastic 
deformation for CNT/PPLA films. On the other hand, a clear fracture 
point without any plateau area is indicated for quadratic scaffolds. The 
rupture regions resumed that porous structure due to the quadratic 
structure made them weaker.  
 
Figure 2.7: Stress-strain curve for (a) CNT/PLLA film, (b) scaffold one layer and 
(c) two layers deposition. 
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Tensile moduli were calculated from the linear portion of the stress-
strain curves of scaffolds tested in the longitudinal directions. CNT/PLLA 
film had a higher modulus (139 ± 7.5 MPa) than 3D CNT/PLLA scaffolds 
for both 1 layer and 2 layers. The two layer quadratic structure, 
intuitively, has a higher elastic modulus than that one layer (table 2.3).  
Table 2.3: Mechanical properties of CNT/PLLA composites 
Scaffolds  Elastic 
Modulus 
(MPa) 
Tensile 
Strength 
(MPa) 
Elongation at 
rupture 
2D films  139.3 6 0.08 
3D 1 layer 15.8 0.9 0.04 
3D 2 layers 61.4 1.5 0.07 
 
It is also interesting to note that there is a significant difference of 
elongation break between CNT film and 3D 1 layer structure. CNT film 
entered elastic deformation region at elongation of 0.04 which then 
ruptured at 0.08. CNT with one layer scaffold indicated clear rupture at 
elongation of 0.04. Meanwhile, the two layer scaffold gave an increase of 
elongation break at ±0.07, although a short plateau was sighted at 0.04. 
It is indicated that 2 layer structure appear much more elastic than 1L 
structure when load is applied along the length of the specimens. The 
load will initially straighten out the quadratic mesh before any real load 
is absorbed by the CNT/polymer matrix. In 1L structure, which has 
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simpler structure, the load is applied directly along the length of the 
structure and increasing true strain instantly. On the other hand, the 
stress-strain profile of 2 layer scaffold showed more resistance that 
indicated by prolong of elongation break. Similar trend also reported by 
their tensile strength. One layer scaffold has the lowest tensile strength 
whereas two layers gave an improved in a factor of 4.  
In structural mechanics, it is known that an intact structure has superior 
mechanical properties compare to the porous shape. Therefore, it is 
understandable to indicate that CNT/PLLA films have highest elastic 
modulus of the three specimens. A detail calculation on structural 
mechanics will be performed on the next section to elaborate the effect 
of structure on the mechanical properties. 
 
Figure: 2.8 The Processed image of (a) one layer and (b) two layers quadratic 
structure 
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Manchado et al summarised that good dispersion and interfacial stress 
transfer are important issues in reinforcement mechanism [Manchado et 
al 2005]. An image processing was conducted to observe the uniformity 
of CNT dispersion throughout the line width (figure2.8). Here, black 
colour represents the CNT particles networking whereas white colour 
indicates the opposite. Figure 2.8.a showed several discontinuity of line 
in 1 layer quadratic structure. Subsequently, two layer quadratic 
structure indicates less white spot. Therefore, the two layer deposition 
performed an increased tensile property compare to one layer.  
The obtained results clearly demonstrate that the presence of porous 
within the polymeric matrix affects the mechanical properties of the 
composite. It has been suggested that the flexibility of scaffolds and their 
curved morphology reduce the reinforcement action. The previous works 
using pure polymer also showed similar trend as reported below 
[Mariani et al 2006]. It can be noted that the 3D scaffolds had also elastic 
moduli lower than that of pure polymer especially for the quadratic and 
hexagonal scaffolds.  
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Table 2.4: Mechanical property of 3D scaffolds with various structures (adapted 
from Mariani et al 2006) 
Scaffolds Elastic Modulus, MPa 
Films  37 
Quadratic 14 
Hexagonal 15 
Octagonal 30 
 
As described before, the deposition using pure polymer materials 
achieved scaffolds with line width around 7 µm and grid design of 130 µm. 
Figure 2.9 shows the realised scaffolds using PCL material. In the 
mechanical stand point, these scaffolds are suitable in the application of 
soft tissue engineering. In fact, tendons and ligaments have typical 
elastic moduli of 0.1-10 MPa. On the hand, the composites scaffolds 
have higher elastic modulus and more brittle. Therefore, it is more 
appropriate in applying these composite scaffolds for hard tissue with 
minimum motion such as bone.     
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Figure 2.9: Scaffold microfabricated using PAM (a) square; (b) hexagonal; and 
(c) octagonal structure.  
 
2.4.3 Mechanics simulation 
In order to estimate the reinforcement of SWNT-based composites and 
the effect of structural shape, mechanics calculation was also performed.  
2.4.3.1 Definition of cell grid density  
Scaffolds are three- dimensional cell grid density and are more complex 
than the two-dimensional structures like honeycomb-structure. But, by 
studying the two-dimensional structures we make a basis in 
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understanding more difficult and complex three-dimensional structures 
of scaffolds. 
 
Fig. 2.10 (a) Definition of cellular solid and (b) The structure of quadratic 
honeycombs with locally isotropic material properties and the 4 moduli 
measure resistance against the indicated average strains. 
 
One of the most important features of a cellular solid is what we call the 
relative density, defined by:  
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       2.5 
where  * and  o are the density of the cellular material and the outer 
(connected solid) material (which is the material that the cell-walls are 
made up of), respectively. When the relative density increases, the cell 
wall gets thicker. Relative density of the outer material is the same as the 
volume fraction of the outer material, po, defined by: 
      
                            
                    
   
  
   
 
     
     
    2.6 
For the case when the inner material in Fig.2.9 is air, we have that m* = 
mo.  
Thus, the volume fraction of the outer material: 
      
  
   
   
      
   
    
  
   
          2.7 
Moreover, the volume fraction of the inner material is: 
      
                    
                    
   
  
   
    2.8 
Note also that when the cells are square honeycombs, as in figure 2.9, 
the volume fractions can also be expressed in the terms of side length l 
and wall thickness t in the following way: 
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2.4.3.2 Mechanics and effective properties of composite structures and 
quadratic honeycombs 
For an isotropic material the shear modulus G and bulk modulus K in 
plane elasticity (plane strain) are related to the well known Young’s 
modulus E and Poisson’s ratio ν as follows: 
    
 
            
      2.10 
    
 
      
       2.11 
If the material is a thin plate, we consider the plane-stress problem. In 
this case the plane stress bulk modulus is expressed as 
    
 
 
  
 
   
        2.12 
The shear modulus G is independent of the dimension and also 
independent of whether we are dealing with the plane-strain -or plane 
stress problem 
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Consider a linear elastic composite material in R3 which is locally 
orthotropic, and globally orthotropic. This means that in each point of 
the structure we have that the stress-strain relation is given as:  
 
 
 
 
 
 
 
   
   
   
   
   
    
 
 
 
 
 
 
 
 
 
 
 
 
     
     
     
 
 
 
        
        
        
 
 
 
        
        
        
 
 
 
 
 
 
       
 
 
 
 
 
 
       
 
 
 
 
 
 
        
 
 
 
 
 
  
 
 
 
 
 
 
   
   
   
   
   
    
 
 
 
 
 
  
and the average stress-strain relation of the form: 
 
 
 
 
 
 
 
 
     
     
     
     
     
      
 
 
 
 
 
 
 
 
 
 
 
 
 
     
 
     
 
     
 
 
 
 
        
 
     
 
     
 
 
 
 
        
 
     
 
     
 
 
 
 
 
 
 
       
 
 
 
 
 
 
 
     
 
 
 
 
 
 
 
     
  
 
 
 
 
 
  
 
 
 
 
 
 
 
     
     
     
     
     
      
 
 
 
 
 
 
 2.13 
i.e.                      2.14 
The stiffness matrix is symmetric and the elements may be expressed as 
follows (see details on Reddy 1984): 
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Here, ‘Ei* are the effective Young’s moduli, ‘Gij*’ are the effective shear 
moduli and ‘vij*’ are the effective Poisson’s ratios.  
Hence the stiffness matrix reduces to a matrix of the form: 
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Using 2.18 and the symmetry we obtain the relations as below: 
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2.4.3.3 Calculation of stiffness and compliance matrix 
In order to compute all components stiffness matrix (eq 2.19) we only to 
compute (numerically by using FEM method) the four components GL*, 
GT*, GT45* and K*. The other two moduli l* and n* are found by 
inserting the values EL* (2.23) and vL* (2.24) into eq.2.22. If we want to 
know ET* and vT* we can evaluate the values by first evaluating ET* 
from 2.21 and finally vT* from 2.20  
The effective stress/strain-relation (2.13) reduces in this case to: 
 
 
 
 
 
 
 
     
     
     
     
     
      
 
 
 
 
 
 
 
 
 
 
 
 
 
       
  
      
  
  
 
 
 
        
  
         
  
     
 
 
 
      
    
  
 
 
 
   
 
 
       
 
 
 
 
 
 
 
    
 
 
 
 
 
 
 
     
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
     
     
     
     
     
      
 
 
 
 
 
 
 2.25 
Once we have computed the 4 moduli K*, GT*, GT45* and GL* we can 
easily obtain all their moduli. As in our case, quadratic honeycomb 
structure (figure 2.9) with volume fraction pi = 0.25 and p0 =0.75. Locally 
isotropic material propeterties vi= vo = 0.3, Ei = 65 MPa and Eo =139 
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MPa. By performing a FE calculation according to the above method we 
obtain the following effective moduli: K*, GT*, GT45* and GL*. 
 
2.4.3.3 Comsol visualisation 
Mechanic calculation in previous section can be performed using simple 
mathematic software such as MatLab. FE software has advantage to give 
us better and quick visualisation behind the mathematical formulae. 
Therefore, we applied our case to run under Comsol simulation as below. 
 
Figure 2.11: Visualisation of mechanic simulation using Comsol software for 
scaffold (1) one layer case and (2) two layers. 
The Structural Mechanical Module was used for computation in Comsol 
MutiphysicsTM 4.0. The Eigenfrequency Analysis was set as application 
compatible with experiment. In our simulations we take a two-
dimensional, isotropic, compressible neo-Hookean material in our 
setting parameter. It is assumed in the model that the particles are 
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distributed periodically along with linear elastic isotropic material and 
ideal bonding between matrix and particles is considered. The Young’s 
modulus is 139 MPa and the Poisson’s ratio is 0.33 (taken from 
parameter of 2D CNT/PLLA film). After meshing and solving, the result 
graphs are shown in Postprocessing as depicted in figure 2.11. 
The FEM software simulated the deformation process by inserting 
applied force in the solid body. Figure 2.11 shows the distribution of 
deformation of our model shown of the particle along its boundary 
simulated for a rigid body. Dividing of stress and strain gives us these 
values as critical elastic properties. The results for all modules are shown 
in table 2.5. 
Table 2.5 Results from the simulation in Comsol Multiphysics 
 
Type of 
scaffolds 
t/L  Longitudinal 
modulus (MPa) 
         
Transversal 
modulus 
(MPa) 
         
Shear modulus 
(MPa) 
            
1 layer 0.5 14.22 2.93 5.81 
2 layers 0.85 55.26 37.74 11.41 
 
The structural factor, t/L, is representing volume fraction in cell grid 
density. One layer scaffold has volume fraction, po, of 0.75 while two 
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layer scaffolds has 0.98 (eq 2.19). The higher volume fraction po denotes 
more intact structure which leads to higher tensile properties.    
Moreover, we were able to predict the structural effect to its elastic 
property based on our data. A series ratio of line width and grid length 
from 0.1 – 1 were calculated. Validation points were gathered from table 
2.3. 
 
Figure 2.12: Prediction of elastic property with respect to line width and grid 
ratio (t/L) 
The calculation of error gave values of 11.3% and 13.1% for one layer 
and two layers scaffold respectively. This inaccuracy might cause by non 
uniform dispersion which fails on isotrophic material assumption. On the 
other hand, t/L ratio of 1 gave a far prediction compare to experimental 
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data. As describe before, the data was taken from 2D film, which 
obviously has different structure caused by its fabrication method. Film 
was produced by spin casting which enable as to have more aligned 
reinforcing particles and uniform thickness. However, the FEM 
calculation showed a plausible trend on the effect structural design with 
the result of PAM system deposition.   
 
2.4.4 Electric property measurement 
The bulk resistivity of the scaffolds was measured by a two-probe 
method at room temperature and compared, as shown in Fig. 2.13. The 
impedance measurement of CNT scaffolds showed conductive 
characteristics although porous structure was incorporated. As a 
reference for isolative material, pure PLLA polymer has resistivity in the 
range of 100 MΩ (see previous chapter). At the same time, our scaffolds 
indicate a resistivity of 200 kΩ and 60 kΩ for one and two layer structure 
respectively. Meanwhile, CNT composite films result in 20 kΩ.   
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Figure 2.13: Impedance study of CNT/PLLA films and scaffolds (a) impedance 
magnitude and (b) phase.  
 
Figure2.13.b indicated the comparative study of impedance phase of 
CNT/PLLA composite film and 3D scaffolds. The impedance phase of 
scaffolds denotes a lower phase profile compare to that film. It indicates 
that the more porous, the stronger capacitive characteristic has.   
In this research the composite is formed of three elements: conducting 
nanotubes, polymer (non-conducting), and open space or voids. The 
morphological characteristics of both the CNT fibre alignment and the 
CNT-polymer network may strongly influence the nature of the 
percolation process and the conductance of the material. However, the 
deposition technology is playing important role. It enables us to modify 
Composite PAM Fabrication 
114 
 
of structural density (the fraction of void space) and CNT particles-
polymer networking.  
For instance, even if CNT content in the dispersion is below that needed 
to carry current along the structure, a certain deposition strategy may 
produce a percolating path consisting of pathways to create CNT-CNT 
intersections. In contrast, if the structure rarely crosses it leads to poor 
contacts between nanotubes. Therefore, single deposition layer with 
void fraction of nearly 0.5 is able to conduct the current throughout the 
structure. 
Figure 2.14 depicts the result of conductivity calculation using equation 
1.3. Thus, it shows the reciprocal value of impedance magnitude from 
film as reference and realised 3D scaffolds. Plateau profiles were visible 
for both CNT scaffolds 1 layer and 2 layers in frequency near to 0 Hz. This 
profile is known as indication for a conductive material.  
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Figure 2.14: Comparative study of specific conductivity of CNT/PLLA films and 
porous scaffolds 
It is noted that the conductivity decreases as the porous structure were 
realised. Electrical conductivity of the 1 layer CNT scaffolds decreases 
from 0.98 to 0.07 S/m compare to that CNT/PLLA film (factor of 1/15). 
However, the dispersion of CNT in the PLLA polymer matrix importantly 
governs the extent of conductivity. Fig.2.9 confimed that the more 
deposition layer, the higher conductivity is achieved. The conductivity of 
2 layers is improved in factor of 4 compare to that one layer scaffold.  
A volume fraction of CNT in the one layer scaffold is about 0.4% based on 
assumption that CNT content did not change during the deposition 
process. On other hand, two layer scaffold has a content of 0.7% by 
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using similar assumption. Previous chapter indicated that the percolation 
threshold of CNT/PLLA films were 0.2% volume fraction.   Hence, both 
scaffold structure exceed the critical volume fraction to allow electrical 
current. The conductivity of one layer scaffold improved markedly when 
CNT was added and well dispersed. Note that the one layer scaffold has 
10,000 fold higher than that of pure polymer.  
 
2.4.5 Electromechanical testing 
Bone is hypothesised to have piezoelectric property which acted during 
bone remodelling [Fukuda and Yasuda 1975]. This section elaborated the 
strain sensitivity of gauge factor of realised CNT scaffolds with similar 
manner as in previous chapter. The fractional increase in resistance or 
normalised resistance (R/Ro) was acquired from impedance 
measurement whereas strain data was obtained from tensile test. Using 
the formula 1.10 below, sensitivity of the material was measured. 
     
  
  
 
 
    (1.10) 
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Figure2.15: (a) Stress-strain-impedance magnitude profile and (b) Strain 
sensitivity for one layer scaffold; whereas (c) stress-strain-impedance 
magnitude profile and (d) strain sensitivity for two layers scaffold. 
The strain sensitivity (gauge factor) is defined as R/Ro divided by the 
strain. Note that only the reversible part of R/Ro is being calculated. 
Generally, it lies in the elastic deformation region in the stress-stain 
curve. As a result, whether the tensile R or compressive R is preferred for 
strain sensing just depends on the convenience of electrical contact 
application for the geometry of the specimen. 
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Figure 2.15.a shows the stress, strain and impedance magnitude 
obtained simultaneously during tensile test to 10% elongation. At the 
elongation of 4% strain, the rupture was occurred. Therefore the 
impedance measurement was terminated. The impedance magnitude 
increased upon loading while impedance phase decreased. The 
impedance phase profile was not performed since it is reflected in R 
value which performed in figure 2.16.b. Note that the profile of 
normalised resistance is similar to impedance magnitude in figure 2.16.a. 
The gauge factor was calculated only in the elastic deformation and 
resulted in value of 60. This value was higher than the normal gauge 
factor of 2 for metal gauges [Kovacs 1998]. 
The 2 layers scaffolds also shows similar trend. Gauge factor of this 
specimen is around 4-5. This great difference is most likely due to the 
structure and the inherent degree of CNT fibre alignment. Note that the 
elastic modulus of 2 layer scaffolds are higher compared to the one 
layer. Hence the elongation was more suppressed and resulted in lower. 
The tensile loading causes the adjacent CNT intersection layers to have 
less chance of touching one another, so that resistivity increases. It 
suggests that with more concentration of CNT (2 layers), intersection 
layer was still connected to each other. 
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Additionally, theR/Ro increases abruptly at low strains but increases 
gradually at high strains (figure 2.15). This is because only a small change 
in the degree of CNT network at low strain. The CNT-polymer networks 
were initially resist and strained up at initial stress loading. This 
phenomenon generally occurs in the elongation of less than 1% for 
instance 1 layer scaffold in figure 2.15.  
 
2.6 Conclusion 
Novel type of conductive scaffolds were designed and prepared by 
incorporating CNT particles and employing a PAM technique to build 
porous scaffolds. The pore structure of the scaffold was efficiently 
controlled by changing the scaffold design. Important parameters such 
as diameter of syringe and concentration of CNT were found around 120 
µm and 0.8 wt.% CNT respectively. Additionally, it was also demonstrated 
a structural analysis to estimate the elastic moduli of the 3D scaffolds. 
Correspondingly, the structural shape also affected the conductivity of 
the scaffolds. Conductivity values in range of 0.07-0.3 S/m were achieved 
for one layer and two layer scaffolds respectively. The electrical property 
of these scaffolds can be utilised also in electrical sensing application.   
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3. Fabrication and Characterisation of Composite 
Tubular Scaffolds 
 
Abstract  
In this section, we provided a work on realisation of carbon nano tubes 
composite tubular scaffolds using melt spinning method. A preceded study on 
spinning method was performed to gain optimum parameters in production of 
tubular contour used in tissue engineered tubular organs.  The incorporation of 
nanotubes filler in poly(-caprolactone) has improved the mechanical properties 
with addition of 1 wt.% CNT. Moreover, an addition of 3% wt CNT resulted in 
conductive PCL based tubular scaffolds.  
 
3.1 Introduction 
Various biomaterials and fabrication techniques have been developed to 
engineer tissues from different anatomical locations in the body [Stock 
and Vacanti 2001]. Different strategies can be adopted from injured or 
diseased tissue which depends on the tissue of interest. For regeneration 
of soft and hard tissues containing a luminal structure, i.e. blood vessels, 
peripheral nerves, long bones, vascular, urethers and intestine, the 
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development of suitable scaffolds with a tubular conformation is the first 
requirement.  
Limited options are available for scaffolds suitable for engineering 
tissues containing a luminal structure. In fact, there has been relatively 
limited research on developing macro-tubular synthetic biodegradable 
construct in comparison with other scaffolds architectures. This previous 
studies have mainly focused on developing scaffolds for vascular tissue 
engineering [Shinoka et al 1998, Niklason and Langer 1997] and 
peripheral nerve [Evans et al 1999, Sundback et al 2003], although 
application in other areas requiring tubular scaffolds such as long bone 
[Maquet et al 2004, Blaker et al 2004] and intestine [Choi and Vacanti 
1997] have also been considered. 
Classic technique to realise tubular shape is conventional spinning and 
electro spinning. Conventional spinning prepares hollow fibres by 
spinning a polymer or polymer solution through an annular die or 
spinneret. The following three spinning methods can be used: (1) wet 
spinning in which the polymer solution is spun from the spinneret and 
into a liquid coagulation bath as cooling medium; (2) dry spinning in 
which the solvent in the polymer evaporates into a gas; and (3) melt 
spinning in which the polymer is cooled in ambient air without 
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evaporation of other material. These techniques produce fibres with 
diameters in the range of 50-500 µm.  
On the other hand, electro spinning techniques allows the generation of 
fibres with the application electrostatic force to through a needle. 
Polymer jet was ejected from the needle tip towards the grounded and 
rotating mandrel. Typical tubular constructs had an inner diameter of 1-3 
mm and a wall thickness of approximately 200µm.  
A drawback of most spinning scaffolds is the small pore size which 
results from the fine fibre structure. Therefore several researchers 
developed different methods to realise tubular scaffolds with porous 
walls such as: 
Dip coating and particulate leaching: a substrate, for example a glass 
mandrel, is repeatedly dipped into a dispersion of leachable particles in a 
polymer solution. The method allows the facile preparation of porous 
tubular scaffolds [Dunnen et al 1993, Hoppen et al 1990, Pennings et al 
1990]. 
Compression moulding and porogen leaching: the mixtures of polymer 
and porogen particles are heated to temperatures above the glass 
transition or melting temperature of the polymer. After moulding and 
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cooling, the particles are leached out with a suitable solvent, and a 
porous polymeric structure is obtained [Wake et al 1996]. 
Membrane lamination: porous membranes are bonded together to 
create a hollow three dimensional structure. The bonding can take place 
with use of small amounts of a suitable solvent and stacked [Mooney et 
al 1996]. 
However, most of these methods rely upon the leaching of porogen 
particles to create porosity leading to pores with poor interconnectivity. 
This study describes a processing method to fabricate tubular scaffolds 
from biosynthetic polymers such as PCL with incorporation of carbon 
nanotube fillers. The main advantage of our process is material result 
from inducing nanotubes particles leading to improvement tensile 
properties which functional in hard tissue engineering. Additionally, 
tubular shape tailored with electroconductive property also realised 
which hypothesised to have favour in regeneration of bone and nerve 
cells.  
Ultimate goal of this thesis is to have assembled scaffolds with different 
shape or tissue types. Specifically, an integration of tubular shape with 
3D shaped which can be found in locomotive organs. For instance 
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producing scaffolds for the joint between bone and muscle or 
neuromuscular junction which connect the muscle fibre and nerve. 
 
3.2 Experimental Section 
3.2.1 Melt spinning process 
 
The melt spinning used was a single-screw extruder (VSF-Mac.Gi srl Italy) 
that applying melt blowing of polymer pellets. The ratio between the 
barrel lengths to its diameter is 20:1. The extruder is aligned vertically 
which the polymer was fed from the top and the fibre product exited on 
the tip spinneret die (bottom side). The die is ring shaped with 1.5 mm 
and 1.0 mm external and internal diameter, respectively. A series of 6 
heaters were located along the extruder side and spinneret die.  A 
winding-up roll was located 10 cm bellow the spinneret die. The winding 
up roll stretched the exit fibre to govern the dimension and also acted as 
fibre collector. 
The operating parameters were rotation speed of the screw, 
temperature of heaters along the extruder, air pressure and rotation 
speed of windup roll collector. In our experiment, the rotation speed of 
the screw was set to 5 rpm whereas the temperature for heaters was set 
at near melting point of the polymer feed.  
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Figure 3.1: A melt spinning equipment in horizontal alignment.  
The extrusion trial was divided into two steps which includes different 
materials:  
Step 1; aimed to get better understanding of the spinning process, 
verifying the model and search for optimum condition. This done by 
using Corethane 80A, a type of polyurethane from Dupont, has 
molecular weight of 120,000-150,000 and melting temperature of ± 180 
oC. Therefore, the heater temperatures set up were (from the nearest to 
feed point): 200; 190; 180; 170; 160; 150 oC The velocity of extruder kept 
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at 10 mm/s and windup roll collector were varied from 3-10 RPM. The 
threadline, distance between the die and roll collector, was set constant 
to 10 cm.  
Part 2; aimed to realise fibres using polycaprolactone (Aldrich) and later 
filled with multi wall carbon nanotubes (Bayer). Polycaprolactone has 
molecular weight of 60,000-80,000 and melting point of ± 65 oC.  
Therefore, the temperatures set up were much lower than previous part: 
100; 90; 80; 70; 60; 50 oC. 
 
3.2.2 Melt spinning simulation 
In melt spinning the polymer is heated above its melting point in an inert 
atmosphere and then the liquid polymer is extruded through a spinneret 
(a fine capillary). By immediate cooling a phase transition occurs and the 
polymer solidifies. In this way a capillary or hollow fibre is obtained with 
a uniform structure. At some distance below the spinneret, a mechanical 
roll provides the force that drives the process.  
A series mathematical model for the formation of hollow fibre 
developed by Shambaugh group was used [Marla and Shambaugh 2003, 
Marla et al 2006]. The models were developed from the basic 
momentum, continuity and energy balances that apply to a spinning 
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threadline. A slight modification was added which then tested on poly 
urethane material. Later, the modified model was used to predict the 
process condition needed to produce a range of hollow conduits.  
 
Because air velocity is relatively low; fibre vibration is not too severe so 
that 1D melt-blowing model has been found to be plausible [Uyttendaele 
and Shambaugh 1990]. For our case which uses an extra winding roll 
collector, modification took place on momentum equation part.   
 
 
Figure 3.2: (a) Abstraction of melt spinning method and (b) volume element of 
fibre spinline during hollow fibre production 
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The basic assumption of the model is the continuity of polymer stream 
and luminal air stream exit from die spinneret (figure 3.2.b). The 
application of continuity equation gave: 
 
                          3.1 
        
 
 
   
                3.2 
 
where mp, ma,  p,  a are polymer mass rate, air mass rate, polymer 
density and air density respectively. The common practice in modeling 
melt fibre blowing is to assume that polymer density is constant along 
the threadline [Uyttendaele and Shambaugh 2003]. On the other hand, 
the air density is changing along the threadline and predicted as ideal 
gas. Here, the polymer fibre velocity, vf, implicitly assumed to be equal 
with velocity of the air flow. Moreover, polymer fibre area Ap, defined 
as: 
 
       
 
 
    
    
       3.3 
 
The next approach is applying momentum equation which elaborates the 
external forces acting on a fibre element.  The forces are rheological 
force, aerodynamic force, gravitational force in the downward direction 
and inertial force. The aero- dynamic force vector acting on the element 
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can be resolved into three components, Fx, Fy, and Fz, which correspond 
to forces in respectively the x, y, and z directions. In our case, aero-
dynamic force only accounted for y direction (downward). Therefore, the 
equation becomes: 
  
  
     
                 
   
    
  
 
              
   
  
   3.4 
 
where xx  and  yy are the component of extra stress at x and y direction 
respectively.  
The drag coefficient Cf was correlated by a correlation that developed by 
Majumdar and Shambaugh: 
 
           
          3.5 
 
The Reynolds number is: 
     
    
  
      3.6 
where va is the kinematic viscosity of air. 
Lastly, energy balance is applied define the related temperature 
parameters. The extrusion process is assumed to be steady state, no 
conduction in the axial direction and no viscous dissipation. Thus, the 
equation that applied in the fibre solid is: 
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                    3.7 
 
where Cp, Tf, h and Ta are polymer heat capacity, polymer temperature, 
convective heat transfer coefficient and ambient air temperature, 
respectively. 
Additionaly, there are two approaches in defining the component of 
extra stress xx and yy which are Newtonian and viscoelastic constitutive 
equation or Non-Newtonian. 
For Newtonian approaching, the extra stress tensors are: 
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Phan-Thien equations were selected to model the viscoelastic fibre 
spinning. The equations are:  
          
    
  
          
   
  
     
   
  
  3.10 
   
          
    
  
         
   
  
     
   
  
  3.11 
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The  and  are parameter related to viscous shear thinning and stress 
relaxation time. In simulation process, these two will be iterated.  K is 
the parameter that mostly affected by shear modulus G of the material. 
Phan-Thien formulated as: 
 
        
 
 
               3.12 
The E is model parameter related to stress saturation at high extension 
rates. In practical, this value also initially iterated. 
 
By solving the equations 3.1-3.7 and 3.10-3.12 (non Newtonian 
approach), values of di and do along 10 cm threadline (distance between 
the die and windup roll collector) can be predicted. Additionally, in the 
simulation program, the velocity of the fibre will be set to maximum 
value after reaching windup roll collector.  
 
3.2.3 CNT/PCL pellet preparation 
MWNT from Bayer initially dispersed in PCL solution and sonicated to 
form CNT/PCL dispersion. This dispersion was then drop cast and dried 
to form a film. This film was cut up and heated in temperature of 50 oC 
to evaporate remaining solvent and homogenise the mixture of CNT/PCL. 
Solid CNT/PCL pellets were formed after the termination of heating 
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process (figure 3.3.a). Note that the CNT content was designed to have 1 
and 3 wt.% . 
 
Figure 3.3: (a) CNT/PCL pellets, note the dark colour resulted from the 
preparation process and (b) homemade thin slicer for sampling the realised 
hollow fibre.    
 
3.2.4 Structure analysis 
The realised tubular scaffolds were cut into 0.5 mm thin slices using our 
homemade mini ‘guillotine’. Our guillotine was designed from two 
adjacent blades with distance of 0.5 mm (figure 3.3.b). The thin slices of 
the tube were then imaged using Olympus AX70 optical microscope 
equipped with Olympus C-5060 Camera. Image processing software was 
utilised to determine the inner and outer diameter.  
 
Tubular Composite Scaffolds Fabrication 
133 
 
3.2.5 Tensile test 
The tubular were cut and formed into rectangular strips in around 15 
mm long (the wide depends on the dimension of fibres). The thickness of 
each strip was measured using a common micrometer. The samples 
were strained up to 10% of length deformation on a Zwick Roell tensile 
testing machine (model Z005) employing a deformation rate of 0.08 
mm/minute. All data were instantaneously recorded with a computer. 
The tensile properties of the tubular scaffolds were obtained from the 
stress-strain curve. Replicate measurements were made for 5 samples 
and the results were quoted as average values.  
 
3.2.6 Impedance measurement  
The impedance values were measured using Agilent 4086 LCR meter. 
Voltage amplitudes of 1 V AC were applied during impedance 
measurement. The characterisation was monitored during a frequency 
range of 20 Hz to 1 MHz. Specific conductivity  was calculated as 
previous chapter 
        
 
        
 
 
 
    1.3 
where A is the surface area, t is the sample thickness and Z*(f) is the 
complex impedance of the sample as a function of frequency. 
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3.3. Results and Discussions 
3.3.1 Parameter studies and simulation of melt spinning 
Single-screw extruders with a grooved feed section currently attribute in 
the standard range of nearly all extruder manufacturers. The advantages 
of this extruder type are high specific throughput and the flexibility in 
modifying the end product. The geometrical features of fabricated 
conduits are tunable by changing the air pressure inside the die, velocity 
of screw and velocity of winding-up roll collector. The heaters were to 
optimised to follow the melting temperature of polymer feed.  
 
 
Figure 3.4: (a) Fibres cross section from various dimension of specimens.  
Figure 3.4 depicted realised hollow fibres made of polyurethane from 
different operating parameters. Note that slight bending was occurred 
for after slicing although the dimension was unchanged.  Additionally, 
image process was employed to remove shadow to have accurate 
dimension scaling. 
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In the melt spinning of hollow fibres, one main dimension must be 
considered. This dimension is the fibre inside (ID) and outside diameters 
(OD). To gain a better understanding of how hollow fibres are formed, 
the effects of experimental parameters on the fibre OD and ID were 
examined. Fibres were extruded using a hollow fibre spinneret and a 
windup roll was used to collect the fibres product (see figure 3.2.a). In 
our case, were air flow rate and windup roll speed were the interest of 
our study. The air flow rate was varied in 0.15; 0.3; and 0.5 bar. Winding-
up rolling speed was studied for 3-10 RPM while velocity of screw set 
constant to 10 mm/s.  
Figure 3.5 showed the effect of air pressure on ID and OD for a winding-
up roll speed of 5 RPM using Phan-Thien model. Intuitively, an increase 
of air pressure will result in a larger OD and a larger ID. The experimental 
data confirm this preliminary prediction. An increasing trend of diameter 
dimensions was indicated from 0.15 bar to 0.3 and 0.5 bar although not 
linearly correlated. For the OD and ID measurements, each data point 
was the average of five diameter measurements; the standard deviation 
of each point is about 20-60 µm. 
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Figure 3.5: Effect of air pressure on the diameter of hollow fibre 
Also shown in figure 3.5 were model estimates of OD and ID. These 
estimates were based on the continuity equations (section 3.2.2). Inputs 
to these equations were the polymer flow rate mp (based on velocity of 
extruder), air flow rate ma (based on the air pressure reading) and 
winding roll (based on a tachometer reading of the windup roll speed). 
As an examination of figure 3.5, the model fitted the data quite well 
especially for pressure at 0.5 bar. Error estimate less than 5% were 
achieved for this pressure, whereas a value of 16% was calculated for 
0.15 bar.  
As expected, the higher pressure cause much more rapid attenuation of 
the fibres and the final diameters are smaller when the air pressure was 
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higher. Note that the dimension of the spinneret die will limit the 
realised diameter. The die has 1 mm and 1.5 mm inside and outside 
diameter, respectively. A deduction can be made that the maximum 
outside diameter will be around 1.5 mm with wall thickness of around 
0.5 mm. The maximum diameter might higher caused by melt blowing of 
air pressure although this will always compensated by stretching of 
winding-up roll collector. In practical, a higher pressure than 0.5 bar was 
not applicable for the exploding of wall fibre after extruded out of the 
die. Therefore, the maximum operating pressure for this system might 
be reached at this 0.5 bar. 
 
 
Figure 3.6 Effect of winding-up roll collector on the (a) inner diameter and (b) 
outside diameter for pressure 0.15; 0.3 and 0.5 bar. 
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Figure 3.6.a showed the effect of the winding-up roll speed on the inside 
diameter for three different air pressure. Also shown were the model 
predictions. The model did a good job of predicting diameter behaviour 
as a function of operating parameters at higher pressure (0.5 bar) and 
windup roll rate of 5-10 RPM. The linear velocity difference between 
screw extruder and windup roller created shear modulus and extra stress 
(eq.3.4). The stresses were in proportional with the velocity difference. 
Therefore, diameter of fibre that windup with higher velocity resulted in 
smaller dimension.  
Similar trend also was shown by the outside diameter profiles in figure 
3.6.b. As in inner diameter profiles, the model did a good prediction at 
relatively high pressure (0.5 bar) and winding rate higher than 5 RPM for 
outside diameter. The largest difference between the model and the 
data occurred for the low rate of winding roll (3-4 RPM). This might due 
to the relatively high vibration of winding-up roll motor at low RPM. 
Note again that the estimates were calculated from Phan-Thien model. 
The Newtonian model was predicted that the pressure variation does 
not affect the diameter dimension.  On the other hand, Phan-Thien 
presents component of extra stress xx  and yy where air pressure come 
into play. 
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Figure 3.7: Temperature distribution along the polymer fibre after extruded. 
Figure 3.7 depicts the temperature distribution of fibre along the 10 cm 
distance between the die and winding-up roll collector. The ambient 
temperature was around 20oC when the experimental was conducted. 
Obviously, this wide different temperature drove the phase change 
rather instantly as describe in energy equation (eq.3.7) and depicted in 
fig 3.7.  
Temperature is one of critical parameter in this experiment since it 
determined the state of polymer. Ideally, polymer should be solidified 
instantly after extruded out from the die. Otherwise, the wall will 
collapse and realise no hollow structure. The model predicted a 
saturated temperature at around 1-2 cm after the polymer extruded. 
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Note that the melting point of polyurethane is ± 180 0C. Therefore, it will 
solidify below temperature of 160 oC or at less than 1 cm threadline. 
These similar results agree with the conclusion of Uyttendaele and 
Shambaugh. They stated that, in the melt-blowing process, the thermal 
changes were so rapid. Therefore, it can be indicated from the visual 
inspection that the polymer solidified quickly after extruded from the tip.  
The model also predicted that the temperature profiles were similar for 
various winding-up roller speeds. 
 
Figure 3.8: Diameter profile of the polymer threadline 
Figure 3.8 shows the diameter profiles of threadline along the spinneret 
die and roll collector for at velocity of 10 RPM. Similar trends also shown 
by other wind-up roll velocity.  Fibres were having highest diameter near 
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to die. As the air pressure decreases with increase of the distance from 
the die, the diameter also gets smaller. The diameter became constant 
after reached the windup roller collector since velocity difference went 
zero at this point. Moreover, the polymer temperature was below its 
melting temperature so that no longer deformation occurred. Reviewing 
the diameter profile, it is important to collect the sample in the winding-
up roll collector. It is indicated that the shrinkage of diameter from initial 
to end point reaches 30-40%. 
Table 3.1 Relative error of model in predicting dimension of fibres 
Winding-up 
speed (RPM) 
Relative error (%) 
p = 0.15 bar p = 0.30 bar p = 0. 50 bar 
3 9.91 27.25 26.57 
4 27.25 14.31 13.21 
5 15.62 12.55 3.40 
6 13.38 10.10 5.15 
7 7.14 9.34 2.45 
8 4.19 6.69 7.66 
9 3.65 5.72 5.04 
10 6.27 5.35 6.88 
 
Table 3.1 resumes the relative error of estimate dimension in function of 
pressure and winding-up roll speed. Here, the dimension referred to 
average of inner and outside diameters.  The model predicts best at 
winding-up roll higher than 6 RPM.  It is indicated that in these velocities 
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were synchronised with the velocity of the extruder. Hence, in this case 
the drag forces were more accurately calculated.  Additionally, it is 
indicated that the polymer density greatly affect the prediction. 
Therefore, an equation of polymer density with temperature dependent 
will improve the model.  
 
3.3.2 Characterisation of CNT/PCL tubular scaffold 
3.3.2.1 Structural properties  
This section elaborated the result of tubular scaffolds produced from 
poly(-caprolactone) (PCL) and PCL/CNT mixture materials. The 
experiment setting was mostly similar to previous step unless the 
temperature setting of heater. PCL has much lower melting point around 
65 oC which let the setting temperature to 100; 90; 80; 70; 60; 50 oC for 
the six heaters.  
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Figure 3.9: Realised tubular scaffolds with various materials 
Figure 3.9 is a picture of tubular scaffolds from pure PCL and CNT/PCL 
composite. The tubular CNT composite was easily marked by the dark 
colour of nanotubes. Overall, fabrication process of PCL was more 
challenging compare to that polyurethane. The solidification process 
took longer time compare to polyurethane material. Therefore, extruder 
velocity was set to lower value 5 mm/s and winding-up roll collector was 
not utilised. The wall of hollow fibres was also more delicate which easily 
burst consequently a pressure of 0.15 bar was employed. 
Incorporation of 1% CNT did not change the properties of the hollow 
fibres. On contrary, incorporation of 3% CNT brought a modification in 
temperature setting. Although a thermal characterisation was not 
conducted in this experiment, some literatures reported that the 
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addition 2-3% MWNT modified the decomposition temperature to 9-10 
oC [Moon et al 2005, Xiong et al 2006]. 
The dimensions of fibres were taken after 10 cm exit from the die. The 
average inside and outside diameter of the tubular were resumed in 
table 3.2.  
Table 3.2 Dimension of realised tubular scaffolds 
Tubular scaffolds Inner diameter Outer diameter 
Exp  Sim Exp  Sim 
PCL 323.7 ±18 359.21 536.7 ±34 590.37 
PCL+CNT 1% 334.4 ±11 361.84 612.6 ±41 593.86 
PCL+CNT 3% 341.9 ±26 363.99 633.1 ±32 596.41 
 
The predictions were also shown in table 3.2 which gave an error of 11% 
for pure PCL tubular. The model failed in modelling the tubular with 
nanotube incorporation. Note that the estimates of composite tubular 
were always close to that of PCL pure. The parameters that might 
represent the variety of material are polymer density and the shear 
modulus which in this case are also similar or assumed to be constant. 
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3.3.2.2. Tensile test  
Assessment of the mechanical properties of the CNT tubular scaffold 
determined a linear load-extension relationship, with a deformation rate 
of 0.08 mm/s and elongation up to 0.1. Little variation between the 
tested samples (n=3) was observed. 
The mechanical properties of tubular scaffolds are important in tissue 
engineering applications. Even though this type of scaffold does not have 
mechanical properties suitable for load-bearing applications, the ductility 
and strength determines how easy it is for the surgeon to handle and 
suture in the scaffold. A highly brittle material may for example crack or 
crumble, whereas a ductile material with sufficient strength is possible to 
implant and suture without destroying the porous structure or tearing 
the material. The tensile properties of CNT tubular scaffolds were 
presented in Table 3.3. The scaffolds without CNT were also featured as 
control.  
Table 3.3: Tensile properties of tubular scaffolds 
Specimen Elastic Modulus 
 MPa 
Elongation at break 
PCL  145.8 ± 13 -- 
PCL + 1 wt.% CNT 172.4 ± 18 -- 
CNT+ 3  wt.% CNT 194.2 ± 19 0.06 
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Tensile moduli of the composite tubular are higher than that of control 
PCL tubular. For the composite with 1 wt.% nanotube, the tensile 
modulus s almost 1.2 times that of the pure PCL. However, the 
reinforcement efficiency of the composite with higher loading of CNT (3 
wt.%) is not that significant (1.3 times of that pure PCL) . It indicates the 
composites are approaching an optimal CNT loading in reinforcing the 
polymer matrix. This phenomenon has been observed for CNT reinforced 
composites, where an optimum CNT loading exist for a maximum 
enhancement in mechanical property. In our spin casting film studies, 
the tensile modulus does not increase upon adding 0.7 wt% SWNT in 
PCL. 
 
Figure 3.10: Tensile curve for tubular scaffolds with various material (a) PCL; (b) 
PCL+CNT  1 wt.%; (b) PCL+CNT 3 wt.%; 
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The elongation to break was indicated with the addition of 3%wt CNT 
whereas no indication found in 1 wt.% composite. Obviously that the 
increasing of nanotubes loading in these composites caused significant 
increase in stiffness, which eventually led to brittle fracture.The 
difference in elongation to break in the composite might also attributed 
to higher metal catalyst in higher content of CNT. This phenomenon was 
found mostly in composite processing without pre-treatment of raw 
CNT.  
A comparison of the predicted (micro mechanics models) and 
experimental values of the elastic modulus of the composite is given in 
figure 3.11. Here, Halpin-Tsai models were used to predict the elastic 
modulus of the composite scaffolds. 
For aligned fibre composites, the Halpin–Tsai model gives the composite 
modulus to be: 
         
           
      
     1.8.a 
    
         
              
      1.8.b 
For randomly orientated composites the expression becomes: 
 
  
  
  
 
 
  
             
      
   
 
 
  
        
      
   1.9.a 
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The denotations were already described in chapter 1. Effective 
reinforcement segment length (L) of CNT is assumed to be 80-100 
according to research by Lee et al and Lahiri et al [Lee et al 2011, Lahiri 
et al 2009]. It should be emphasized here that LNT is not the true or 
actual length of the nanotubes in the composite, but it can be 
considered as the effective nanotube length responsible for 
reinforcement in the composite system 
 
 
Figure 3.11: Prediction of elastic modulus using Halpin-Tsai models 
Halpin-Tsai equation is derived based on the assumption that stress 
transfer between polymer matrix and nanotube is perfect. The 
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difference in modulus elastic of composites was interpreted as 
difference due to interfacial interaction. The higher nanotubes content in 
polymer matrix, the more intersection between CNT are formed. 
Therefore it is assumed that the interfacial stress is transferred to the 
nanotubes at all, hence reinforcing the polymer matrix. 
The predicted values calculated by Halpin-Tsai aligned models closely 
match with the experimentally measured values. The calculated relative 
errors are 10.5% and 18.4% for 1 wt.% and 3 wt.% CNT content 
respectively. The mismatch between the calculated and measured values 
could be due to several reasons. The models discussed here have been 
mainly developed for metal or ceramic matrix composites and assume 
linear elasticity of the matrix, whereas PLC, being a polymer, may show 
some viscoelastic nature. Also, the reinforcement for both models is 
assumed as the ellipsoidal shape, whereas CNTs have the tubular shape. 
It is noted that the elastic modulus for CNT/PCL system for tubular 
scaffolds are higher than that of films. In chapter 1, the films with 0.8% 
wt CNT content were reported to have elastic modulus of 130 MPa. 
Additionaly, a higher CNT content in the films tend to decrease the 
elastic modulus.   Meanwhile, CNT/PCL tubular films with 1% w/w are 
having 172.4 ± 18 MPa. Moreover, a higher CNT content tend to improve 
the reinforce mechanism. It is indicated that the melting process in 
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tubular extrusion gave more compact structure of CNT/polymer 
networks. Thus the interface between nanotubes is closely intact rather 
than that of spin cast film. 
 
3.3.2.3. Electrical properties measurement 
Figure 3.12 shows the decrease in impedance magnitude with MWNTs 
volume fraction for tubular scaffolds. While pure PCL tube are insulating 
materials ( 109  Ω ), increasing the MWNT content transformed them to 
more conductive compounds. An incorporation of 1 wt.% CNT into PCL 
matrix has increased the impedance magnitude near to 107 Ω. 
Furthermore, 3 wt.% CNT content has greatly improved the impedance 
magnitude to around 104 Ω (the graph was enlarged in inset at figure 
3.12.a). Similar trend was also indicated in impedance phase 
characteristics. The more CNT content, the lower impedance phase 
profile. In general, conductive materials has low impedance phase 
instead of ‘plateau line’ which shown by pure PCL material. 
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Fig. 3.12 Impedance (a) magnitude and (b) phase measurement of various 
tubular scaffolds.  
Electrical conductivity values for various tubular are also calculated and 
compared in Table 3.5. Electrical conductivities of CNT/PCL 3% w/w are 
100 orders of magnitude higher than that of CNT/PCL 1% w/w tubular 
composite.  
Table 3.4 Conductivity of tubular scaffolds 
Tubular types Conductivity (S/m) 
PCL pure 8.10-6 
PCL+ CNT 1% 6. 10-4 
PCL+ CNT 3% 0.04 
 
A fair comparison to other published results is difficult. This is due to the 
fact that there are so many different manufacturing methods available. 
This includes the wide range of different types of nanotubes. 
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The amount of additive to turn a material from isolating to conducting is 
often called the percolation threshold. The percolation theory predicts 
when a critical concentration is reached to form physical pathways 
through a volume that is filled with filler with a defined geometry. The 
complexity is higher when come to the composite with nanotubes as 
filler. Note that the nanotubes have the level of dispersion and 
agglomeration highly affects the geometry of the filler. 
However, for most of the melt processed CNT composites, the 
percolation threshold is above 1 wt.%. It should be noted that the very 
low percolation thresholds are always achieved with low viscosity 
systems, while for melt processed systems where the viscosity is 
relatively high, the percolation threshold is high. 
Some groups have reported percolation thresholds as low as 0.002 wt.% 
[Martin et al. 2004] and in other cases up to 15wt% [Kymakis et al. 
2002]. The percolation threshold, even though it is low, does not say 
anything of the ability to conduct after the percolation threshold has 
been reached. Ounaies et. al reports a low percolation threshold 
between 0.02 to 0.1 vol.%  and the composite reaches a final 
conductivity of about 3 · 10−5 S/m [Ounaies et al. 2003]. Sandler et. al 
reports a percolation threshold of 0.0025 wt% and reaches a much 
higher final conductivity in the area of 1 S/m−1 [Sandler et al. 2003]. 
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3.4 Conclusion 
An investigation on fibre extrusion process was observed in fabrication 
of tubular scaffolds. Several parameters that gave effect on topography 
of fibre were studied. Furthermore, we realised a conductive tubular 
material by incorporating 3% CNT particles in polymer feed. Our test 
confirmed the improvement in mechanical and electrical properties.  
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4. Study of Electrostimulated Controlled Release and 
Uptake  
 
Abstract 
In this study, doping process and immobilisation of glutamate ions onto 
polythiophene films have been investigated. Low pulsatile electric potentials 
(0.5-2V) were found to govern the release and uptake of glutamate ions in 
aqueous solution. Furthermore, a model based on classical diffusion coupled 
with ionic migration is demonstrated. 
 
4.1 Introduction 
The electrical stimulation using conductive polymer scaffolds in vivo has 
the potential to provide several therapeutic treatments for injured 
neuronal cells [Brushart et al. 2002, Daly et al. 1996]. Schmidt has shown 
that neuronal cells subject to electrical stimuli on polypyrrole (PPy) show 
increased neurite growth [2007]. Moreover, Saigal et.al showed that the 
electrical stimulation boost neurotrophic factor expression [2008]. 
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The electric properties of conducting polymers make them suitable for 
devices driven by an external electric signal, such as potential or current. 
One aim of this work is to study polymeric systems for electrically 
controlled glutamate release and uptake devices. Conducting polymers 
have been characterised and proposed as suitable candidates for this 
application. Miller et al. [1987] showed that glutamate and dopamine 
can be released from a polypyrrole membrane using potential control. 
Pyo et al. [1994] have demonstrated that controlled release of adenosine 
triphosphate (ATP) can be done using the same polymer membrane 
whereas Hepel and Mahdavi [1997] have used a composite polypyrrole 
film as an ion gate membrane for the potential controlled release of a 
cationic drug. 
Here, poly(3-hexyl-thiophene) (P3HT) films incorporated with L-
glutamate have been investigated. L-Glutamate is an important 
excitatory neurotransmitter and plays a major role in synaptic 
transmission (Curtis 1960, Fonnum 1984). Its high concentration in the 
extracellular fluid caused by excessive release may play a major 
neurotoxic role in a wide range of neurological disorders (Carlson and 
Carlson 1990, Grace 1991, Xue et al 1996). Deore et al. first 
demonstrated the possibility for the reversible release and uptake of L-
glutamic (Glu) ions using ‘‘over-oxidised’’ polypyrrole films [Deore et al. 
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1999]. Recently, the enantioselective uptake and release of L-aspartic 
acid using over-oxidised polypyrrole films was also reported [Syritski et 
al. 2008]. Those reports indicated a possibility to realise a device capable 
of controlling the release and uptake of glutamate which aimed to 
contribute to better modulate physiological and pathological states in 
the nervous system. 
In our laboratory, a treatment that uses conductive polymer scaffolds to 
bridge gaps between damaged nerves was explored. In order to optimise 
neuron growth across the gaps, a scaffold designed with conducting 
polymer polythiophene, was used as a substrate to enhance nerve cell 
interaction in vitro. The polymer substrate was analysed for the cellular 
viability and electrically controlled scavenging and release of 
neuromodulators. Successful optimisation of these scaffold 
characteristics will be important key for treating injury in the nervous 
system. 
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4.1.1 Conducting polymer 
 
Conducting polymers include a series of different polymers which have 
alternating carbon-carbon double bonds along the highly conjugated 
backbone [Wallace et al 2008]. The structure of a conducting polymer is 
significantly different from that of traditional polymers. The single-
double bond alternation facilitates electron mobility and charge 
transport within and between conducting polymer chains, leading to 
high electrical conductivity. The conductivities of conducting polymers 
are in the range of 1-103 S/cm [Wallace et al 2008], which is must higher 
than that of conventional polymers such as polystyrene (10-20-10-6 S/cm). 
Since the discovery of polyacetylene in 1977 [Shirakawa etal 1977], 
synthesis and applications of conducting polymers have been intensively 
studied [Skotheim and Reynolds 2007]. Polypyrrole (PPy), polythiophene 
(Pth) and polyaniline (Pani) are the most commonly studied conducting 
polymers (figure 4.1). 
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Fig 4.1. Chemical structure of (a) polypyrolle, (b) polythiophene, (c) 
polyaniline:leucoemeraldine (y=1), emeraldine (y=0.5), and pernigraniline (y=0). 
The properties of conductive polymers can be tailored using appropriate 
dopants. The doping of conductive polymers for electrical conductivity is 
different from that of silicon semiconductors. It is usually done by the 
oxidation or reduction reaction of the polymer backbone, which is called 
charge-transfer doping. Reduction and oxidation refer to the gain and 
loss of electrons from the backbone as reactants. The oxidation reaction 
removes electrons from the backbone and generates a positively 
charged polymer, which is called p-doping. On the other hand, the 
reduction reaction adds electrons to the polymer backbone and makes a 
negatively charged polymer, which is called n-doping. When the 
oxidation reaction takes place, positive charges delocalize on the 
polymer chain. Counter ions (anions) aggregate near the backbone to 
balance the charges. When the reduction reaction occurs, the chain 
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gains electrons and negative charges that delocalize on the polymer 
chain. 
 
Fig.4.2 Doping process of polythiophene 
Conducting polymers derived from thiophene are also of great interest 
due to their electrochemical reversibility and relative ease of synthesis 
[Gambhir et al 2005]. Polythiophene has been shown to have a more 
ordered structure than materials synthesised such as polyacetylene for 
instance [Krische and Zagorska 1989]. A derivative of thiophene, poly(3-
hexylthiophene) (P3HT) showed good conductive property and has 
solubility in a wider range of solvents. Hence, it is easier to cast into films 
and doped with suitable anions to reach conductivities of 4-6 S/cm 
[Elsenbaumer et al 1987]. 
Recently, many researchers are interested in tailoring biocompatibility 
properties by incorporation of certain biomolecules. Biomolecules such 
as; peptides [Staufer and Cui 2006], hyaluronic acid [Collier et al 2000], 
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alginate [Abu-Rabeah et al 2005], heparin [Garner et al 1999] and 
neurotrophin-3 [Richardson et al 2007] have been investigated so far 
with interesting result. The polymers are in fact highly biocompatible. 
Incorporation can be carried out with different procedures which are 
compatible with the neurotransmitter as dopant or as a surface 
molecule. The conventional techniques for ion immobilization include 
covalent attachment to the electrode surfaces (Narasimham and 
Wingard 1986, Oisson et al 1986, Degani and Heller 1988) entrapment by 
conducting polymers and nonconducting polymers (Khan et al 1993, 
Cosnier 1994, Zhang et al 1994, Wang and Hu 1993). Additionaly, P3HT 
has complex dynamic structures, making it possible to create conducting 
polymers with a diverse range of properties. For example, the chemical 
properties of these materials can be manipulated to produce materials 
capable of trapping simple anions (Bolognesi et al 1985) or render them 
to bioactive (Bolognesi et al 1986). 
 
4.1.2 Theory of chemical controlled release 
Research on the controlled release of drugs has made it possible to 
slowly release many chemicals at a constant rate and to spatially target 
the release. It would be worthwhile to learn how to control the release 
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so that it could be turned on and off or adjusted as desired. The 
neurotransmitter was immobilised to the polymer backbone so it 
remained on the polymeric electrode surface until it was released by a 
pulse of potential migration.  
The transport or release of a drug through a polymeric controlled release 
system can be described by classical Fickian diffusion theory.  This theory 
assumes that the governing factor for drug transport in the gels is 
ordinary diffusion.  For the case of one-dimensional transport (i.e. slab 
geometry), Fick’s law can be expressed as:  
dx
dC
DJ iii      4.1 
Here, Ji is the molar flux of the drug (mol/cm2 s), Ci is the concentration 
of drug and Di is the diffusion coefficient of the drug in the polymer.   
For many drug delivery systems, the release rate will be time dependent.  
For unsteady state diffusion problems, Fick’s 2nd law is used to analyze 
the release behavior.  Fick’s 2nd law is written as: 
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This form of the equation is for one-dimensional transport with non-
moving boundaries and can be evaluated for the case of constant 
diffusion coefficients and concentration-dependent diffusion 
coefficients. 
Upon application of the boundary conditions, the solution to the 
diffusion equation can be written in terms of the amount of drug 
released at a given time, Mt, normalized to the amount released at 
infinite times, M . 
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At short times, this solution can be approximated as: 
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For the initial 60% of the drug release, the data can be fitted to the short 
time approximation to the solution of Fick’s 2nd law to determine the 
diffusion coefficient. This technique is most accurate for systems in 
which diffusion is the dominant mechanism for drug release [Langer and 
Peppas 1983].   
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However, in many systems, the release rate is controlled by diffusion and 
some other physical phenomena such as swelling or degradation.  In 
order to determine whether a particular device is diffusion-controlled, 
the early-time release data can be fit to the following empirical 
relationship that also known as Peppas-Korsmeyer model. 
   nt kt
M
M


     4.5 
By determining the diffusional exponent, n, one can gain information 
about the physical mechanism controlling drug release from a particular 
device.  Based on the diffusional exponent, the drug transport in slab 
geometry is classified as Fickian diffusion, Case II transport, Non-Fickian 
or anomalous transport and Super Case II transport, respectively (Table 
4.1).  Representative release curves for each case are shown in figure 
4.4. For systems exhibiting Case II transport, the dominant mechanism 
for drug transport is due to polymer relaxation as stresses and state 
transition.  Anomalous transport occurs due to a coupling of Fickian 
diffusion and polymer relaxation [Lowman and Peppas 1999]. 
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Table 4.1: The n value for cylindrical shaped matrices in characterizing release 
mechanism. 
Diffusion exponent (n) Type of transport 
0.45 Fickian diffusion 
0.45 < n < 0.89 Anomalous transport 
0.89 Case II transport 
n > 0.89 Super case II transport 
 
 
Figure 4.3: Comparison of the release profiles of systems exhibiting classical 
Fickian diffusion behavior, anamolous release behavior and zero-order release 
or Case II transport. 
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4.2 Experimental Detail. 
4.2.1 Preparation of conductive P3HT pure films 
The P3HT films were produced by a casting/solvent evaporation 
technique. Firstly, conducting polymer solution of 1% g/mL was prepared 
by dissolving poly (3-hexylthiophene-2,5-dyil) (P3HT) from Rieke Metals 
in chloroform (Sigma Aldrich) at room temperature. The solutions were 
then sonicated for 2 minutes until homogeneously dispersed. A part of 
0.5 mL polymer solution was cast on a 6 cm diameter of cellulose acetate 
plastic as a support. Finally, the films were then left overnight and 
gravimetrically monitored until they showed constant weight.  
Perchlorate solution was prepared as an oxidant agent for the oxidising 
process of P3HT polymer film. Iron (III) perchlorate hydrate from Sigma 
Aldrich was dissolved in acetonitrile (Sigma Aldrich) to give a 0.5% g/mL 
solution. The oxidising step was employed by immersing P3HT film in 5 
ml perchlorate solution for 10 minutes. The oxidised polymer films 
became darker and later were rinsed with deionised water (18 MΩ/cm) 
to remove excess perchlorate ions. The films were continuously weighed 
until showed constant value. Additionally, the resistivity of rinsing water 
was also monitored to assure that the rinsing process was thorough. 
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Glutamate ions were exchanged with the perchlorate ions using a 
method developed in Ahluwalia et al. [2005], in which a doped P3HT film 
is placed in a concentrated solution of glutamate. The exchange process 
is based on concentration gradient forced flux and counter ion 
substitution. 
Glutamate solution was prepared by dissolving L-Glutamic acid (Sigma 
Aldrich) in deionised water. Various concentrations of glutamate were 
prepared i.e. 0.05, 0.075, 0.1 and 1 mg/mL. Doped polymeric films were 
immersed in 5 mL glutamate solution for 12 hours and rinsed with 
deionised water eventually. Doped films were again monitored 
gravimetrically. When the weight was found to be constant (usually after 
about 1 day), full evaporation of the solvent was assumed. 
 
4.2.2 Measurement of electrical property 
A four probe method was used to measure the resistance of prepared 
conductive films. Four samples of polymer films with a size of 2x1 cm2 
were measured using an LCR meter (Agilent Technologies, Milan). The 
spacing and length of four probes were 2 mm and 10 mm respectively.  
The thickness of the coated polymer films was measured using laser 
distance sensor OptoNCDT (Micro-Optronic Engineering GmbH, Vienna). 
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Hence the ratio of film thickness to probe spacing allowed us to use the 
Scoffield approach for measuring surface resistance. 
     
 
      
   
  
 
  for t << s  4.6 
       
  
 
   for t >> s  4.7 
Where t is thickness; s is space of the probe; V is the measured voltage 
difference and I is measured current. 
 
Figure 4.4: Setup of four probe method for measuring surface resistivity of 
P3HT film 
 
A two probe method was also performed to measure the impedance of 
P3HT films during the study of films in liquid ambient. The two-point 
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method is preferred in this study, since it is easier to put the probe 
without creating short circuit due to the presence of liquid. Although the 
contact resistance between the sample and electrodes can affect the 
measurement, it can be neglected when the impedance change is the 
interest of the study. Additionally, the two probe method is also more 
straightforward compared to that of the four probe method. Note that 
four probe method measurement results in a surface resistivity (Ω/) 
whereas two probes gives bulk resistance (Ω).  
 
4.2.3 Study of Electrostimulation release/uptake  
The doped-glutamate polymeric films were placed at the bottom of 
polystyrene dish (6 cm diameter and 0.8 cm height). Later, the dish was 
filled with 10 ml of deionised water and covered with a metal electrode 
which covered the surface of the water (figure 4.5a-b). Two electrical 
stimulation protocols were investigated in this study; constant potential 
of 0 V (unstimulated) and square wave pulsed potential from 0 V to mV 
with a step of 1 minute (m= 0.5; 1; 2; 3; 5 V in DC).  
The electrical stimulation was generated and controlled by Arduino 
microcontroller (SmartProjects, Milan, IT). The conducting polymer film 
was connected to negative pole while the metal lid was acted as positive 
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electrode. Later on, in uptake studies, the poles were exchanged and the 
electrical stimulation protocols were the same. 
 
 
Figure 4.5. The experimental set up of release/uptake glutamate ions (top) and 
the protocol of experiment (bottom). 
 
4.2.4 Glutamate detection 
The release of glutamate from P3HT polymer surface in deionised water 
solution was confirmed quantitatively using ultra violet (UV) absorbance. 
Glutamate ions absorb UV spectra range because  electrons within the 
metal atoms can be excited from one electronic state to another. 
The Beer-Lambert law states that the absorbance of a solution is directly 
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proportional to the concentration of the absorbing species in the 
solution and the path length. Thus, for a fixed path length, UV/Vis 
spectroscopy can be used to determine the concentration of the 
absorber in a solution. Here, UV absorbance was collected using 3.5ml 
quartz cuvettes (1.0 cm path length). A calibration curve of Glu at the  
max (242 nm) was produced to calculate the amount of Glu release in 
these studies (see section 4.3.2).  
 
4.2.5 Monitoring in-situ glutamate ions using LCR meter  
Glutamate release was also monitored in-situ by measuring the 
conductance of water during release/uptake studies. The conductance 
measurement was performed by dipping a conductivity electrode into a 
sample of the liquid to determine the concentration of ions (figure 4.6). 
A 5 ml sample was confined in cylindrical glass with inner diameter of 2 
cm.  The electrode was inserted 5 cm from the liquid surface. Hence, a 
uniform bulk volume was always achieved during the study. 
Conductivity electrodes are not stand-alone units and thus require 
external signal analysis or data acquisition equipment. Here, the 
electrode is connected to the Agilent RCL meter that applies an AC 
voltage across the electrodes and measures the amount of current 
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flowing through the liquid between the electrodes. The readings were 
then calibrated with the readings from UV absorbance. Impedance 
measurements are subject to errors caused by reduced readings at low 
frequency due to corrosion/coating at electrodes, and electronics-
generated errors at high frequency. Therefore, an optimum frequency 
with the lowest measurement error was selected as described in section 
4.3.3. 
 
Figure 4.6: Conductance measurement of deionised water sample during 
uptake/release study 
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4.2.6 Simulation of glutamate release/uptake studies  
Release and uptake simulations were performed analytically and 
numerically by using Comsol Multiphysics. Firstly, a solution for the 
unstimulated condition was resolved using classical Fick’s law as:  
         
  
 
      4.1 
Secondly, assuming the sample is placed in an electrical field, Fick’s law is 
modified to the Nerst-Planck law so that the flux is defined as: 
         
  
 
     
  
  
  
 
 
    4.8 
Where z is the valence; F is Faraday’s constant; R is the ideal gas 
constant; T is the absolute temperature and  is the electric potential.  
As indicated in eq.4.8, the transport resulting from a concentration 
gradient is referred as diffusion whereas the contribution from applied 
electric potential is termed migration. To model such a system it is 
necessary to specify the diffusion constants which will be fitted using the 
1D analytical solution in unstimulated release condition.  
  
  
  
      
 
     
     4.9 
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On the other hand, the analytical solutions in stimulated release 
condition are formulated as follows (Tang 1996, Narsilio 2007): 
 
  
  
  
 
 
        
      
     
             
      
     
     4.10 
with: 
     
      
     
      4.11 
where n is ion charge;  is voltage different; and l is specimen 
thickness. 
 
4.2.7 Cytotoxicity Test 
Four groups of films consisting of; cellulose -acetate support; P3HT film 
formed on the cellulose -acetate support; oxidised P3HT and glutamate-
doped P3HT were prepared and cut into pieces. C3A hepatocytes cells 
from ATCC Culture-USA (250,000 cells/cm2) were then seeded on a 
multiwall plate and incubated in in Dulbecco’s Modified Eagle Medium 
(Lonza, IT) with 10% FBS, 1% Penicillin/Streptomycin/Amphotericin B, 1% 
L-Glutamine 200 mM (all from Lonza); 1% non-essential Amino acids 
100X (Sigma, Milan, IT) and 1% MEM vitamins solution (Sigma, Milan, IT) 
with the pieces of film. The controls were the pieces of cellulose-acetate 
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pieces and a well without any pieces of material. Cells were allowed to 
proliferate in the films and Cell Titer Blue (Promega, USA) assay was 
consequently conducted on these samples. 
 
4.3 Results and Discussion 
The main advantage of using P3HT is the high solubility in various 
solvents compared to that of conducting polymer such as polypryrrole or 
polyaniline. After sonication of 1 mg/mL P3HT in chloroform, a 
homogeneous solution was achieved. Hence, a thin film was easily 
formed by casting the P3HT solution onto cellulose-acetate support. The 
selection of suitable solvent was also another key in this study. It is 
noted that the chloroform solvent gives the best film during the study in 
liquid immersion.  
The doping process of P3HT was done chemically since this method 
provides easier preparation and more stability compare to that 
electrochemical doping. Additionally, the reversibility between doped 
and undoped state was not required in this application.  Iron perchlorate 
was chosen as dopant since it is a strong oxidising agent and ensures a 
high level of doping throughout the polymer matrix [ahluwalia 1995]. 
Here, the concentration of perchlorate solution was determined to have 
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a molar ratio 3:1 to the undoped polymer. An excess amount of dopant 
was used to ensure the oxidation process of P3HT films. A successful 
doping process was indicated from the changing of P3HT film into darker 
colour (figure 4.7). 
 
Figure 4.7: P3HT films before and after doping process 
The thickness of P3HT films was measured using OptoNCDT instrument 
which comparing distance before and after the P3HT casting on the 
acetic-cellulose support. The main benefit of this instrument is non 
invasive and has a high sensitivity. The measurement showed that the 
P3HT films (before doping) have a thickness of 8±1 µm. The thickness of 
doped P3HT films was similar to that of undoped films. However, the 
gravimetric monitoring shows a modification between undoped and 
doped films. Table 4.2 gives the initial weight of P3HT films onto plastic 
support. A weight increase was indicated after perchlorate doping. Note 
that the weighing was performed frequently until a stable value was 
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achieved. Additionally, the weighing was done after the rinsing process 
of doped films. Thus, we can assume that the weight changing was 
purely due to the perchlorate addition. In practice, it needs at least one 
night to reach this point. The surface resistivity measurement also 
confirms a surface modification that indicated by resistivity decreasing 
by factor of 10 after doping.  
Table 4.2 Polymer film formation and surface resistivity measurement 
 Additional weight 
(mg) 
Surface resistivity 
(kΩ/) 
P3HT film 7.2 ± 0.8 4.30 ±0.06 
P3HT film doped 12.0 ± 1.2 0.36 ±0.01 
P3HT film doped-glu 9 ± 2 0.48 ±0.02 
 
The rinsing process was done to remove the excess of perchlorate ions 
on the P3HT films. Recall that the oxidation reaction creates anion 
aggregation near to polymer backbone. Hence, unreacted perchlorate is 
unbound and easy to remove. Figure 4.8 depicts the impedance profiles 
of doped P3HT films during the rinsing procedure measured with the 2 
probe method.  The rinsing of excess perchlorate was done by immersing 
doped films in deionised water and discarding the water after 5 minutes. 
Fresh deonised water was then introduced onto the P3HT films. Several 
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repetitions were done altogether with impedance measurements on 
both film and water part.   
The impedance magnitude of doped film indicates a plateau line in the 
range of 30-40 kΩ along the frequency range of 50 kHz-2MHz. After the 
second rinsing, the impedance increases up to 100 kΩ. Later, the third 
and fourth rinsing process indicates a similar impedance range of values, 
both for magnitude and phase profiles.  
 
Figure 4.8: Impedance profiles (magnitude and phase) of films (a-b)and water 
(c-d)  
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In parallel we also measured the impedance of the rinsing liquid using 
the conductivity cell. The impedance measurement in liquid part also 
confirms the same fact. Presumably after the third rinsing, there are no 
perchlorate ions released into deionised water. Hence the impedance 
profiles of the rinsing water should similar to pure deionised water. 
Figure 4.8 c and d indicates the impedance profiles of rinsing water. As 
expected, the impedance profiles (magnitude and phase) of third rinsing 
are coincident with deionised water. Thus, up to this point, P3HT films 
are stable and have conductive properties (surface resistivity of 0.36 
kΩ/). 
The doped film is then immersed in a glutamate solution for ion 
exchange process. An exchange process occurs whereby the perchlorate 
anions diffuse out of the matrix and are replaced with the anion in 
solution. The incorporation of anion into the polymeric body is widely 
termed as adsorption. The ion adsorbs in different quantities, densities 
and orientation depends on the chemical and physical properties of the 
surface. The process is complex and involves van der Waals, hydrophobic 
and electrostatic interaction and hydrogen bonding (Wallace and Kane-
Maguire 20002). Therefore, we focus more on the characterisation and 
the ability to control anion interaction on conducting polymer for use in 
cell culturing and implantable biomaterials. 
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Figure 4.9 impedance observation P3HT films during glutamate immobilisation  
The incorporation of glutamate was also confirmed by surface resistivity 
measurement of P3HT films. Our measurement shows that P3HT films 
with glutamate incorporation, P3HT-Glu, have a resistivity around 0.5 
kΩ/. This value is slightly higher than that of doped P3HT (0.35 kΩ/), 
although much lower than that of undoped P3HT (table 4.2).  
The conductivity of perchloric acid doped samples was more than that of 
other doped samples. This might be due to the large size of CI04- 
counter ion which helps to tightly attach the dopant to the polymer 
chain and its higher oxidizing effect. It might also be the equilibrium that 
binding concentration of glutamate ions in the polymer films was lower 
than that of perchlorate.  
Apparently, the resistivity also depends on the concentration of 
glutamate solution during the exchange process. Figure 4.10 depicts the 
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effect of various concentrations of glutamate solution on the P3HT 
surface. Data from previous studies are also included. When the film is 
doped by glutamate in the range of 0.025-0.075 mg/ml, the resulting 
surface resistivity was decreased to around 3 kΩ/ (30% lower than 
P3HT film without doping). On the other hand, if the dopant 
concentration was increased up to 0.1 mg/ml the resulting surface 
resistivity was decreased to below 1 kΩ/ and optimised at round about 
0.5 kΩ/ with 1 mg/ml glutamate doping.  
 
 
Fig.4.10 The surface resistivity of P3HT-Glu film produced with various 
glutamate concentrations. 
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The adsorption process is influenced by molar concentration of the 
solution and is known as Langmuir adsorption. The molar concentration 
contributes the partial pressure which determines the equilibrium of 
adsorbed ions.  The glutamate solution with concentration of 0.1 mg/mL 
effectively shifts the equilibrium towards adsorbtion of more anions on 
the surface. Therefore, a great decrease in resistivity was observed. 
Increasing the glutamate concentration might decrease further the 
resistivity but it is limited by the solubility of glutamate in water. Since 
our aim is to release physiologically relevant concentration of glutamate 
(20-80 µM), we did not investigate at higher glutamate concentration.  
 
4.3.2 Glutamate detection using UV spectrophotometer 
These studies were conducted to confirm the release of glutamate ions 
from conducting polymer films. The P3HT-Glu polymers were rinsed in 
deionised water for 10 min to remove any surface unbound glutamate 
prior to the release experiments. The release of glutamate from the 
polymer was investigated under passive (unstimulated) and electrically 
stimulated conditions in water solution. The released glutamate ions in 
water were then quantified using a UV-vis spectrophotometer.  
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Figure 4.11: UV detection of glutamate concentration with range of 0.01-0.05 
mg/mL  
The UV-vis spectra were recorded for the solutions containing 0.01-0.05 
mg/ml as standard curve. As can be seen from Fig.4.11, there is a strong 
absorption in the 190–220 nm range: a large peak at 190 nm and a 
shoulder at 200 nm (for glutamate with concentration of 0.04 and 0.05 
mg/ml). A sample from experiments was tested and was within in the 
range of the standard curve. 
On the other hand, a solution containing glutamate+perchlorate 
prepared using a typical concentrations employed in our experiment has 
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strong absorption band in the range 200–240 nm; its maximum is shifted 
from 210 to 230 nm with another low peak at 260 nm. This curve 
indicated that the absorbance of perchlorate ions in solution will be 
easily observed. Thus, we conform that we can distinguish between the 
two ions in this study. A standard curve of UV absorbance-glutamate 
concentration was determined at 200 nm. The linear correlation is 0.955 
and error fitting of 6%.   
 
4.3.3 Glutamate detection using conductance measurement 
Electrical property measurement was also used in quantifying the 
glutamate concentration in water. The main reason is the speed and 
easy measurement compared to that UV absorbance. However, UV 
absorbance was used to check the validity of conductance 
measurements. The liquid conductance measurement was performed 
using a conductivity electrode as described in experimental section. The 
potential was set to 1V and resulting current was in the range of 8-12 µA 
which is in the range of cell stimulation (5-20 µA).  
Figure 4.12 shows the conductance profiles of 5 ml different 
concentration of glutamate exchange solution introduced into the 
electrode measurement cell. The standard curve was taken at the 
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frequency of 500 kHz and indicated a linear relation between 
concentration vs conductance (R value = 0.962). A moderate frequency, 
500 kHz, was chosen in order to avoid errors caused by reduced readings 
at low frequency due to corrosion/coating at electrodes, and electronics-
generated errors at high frequency. Furthermore, conductance 
monitoring can be used in this range of glutamate concentration (0-0.1 
mg/ml) since it has relatively small error (1.3%). The theoretical 
detection limit of 0.0002 mg/ml was achieved. 
 
Figure 4.12: The conductance of glutamate in water with the concentration of 
0-0.05 mg/ml. 
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4.3.4 Glutamate release studies in passive environment 
Glutamate release study was performed by immersing the P3HT-Glu 
films in the polystyrene dish and filled with 10 mL deionised water. The 
initial glutamate content in the film was predicted using mass 
measurement in the range of 9±0.2 mg (table 4.2). After Fick’s theory, 
glutamate will diffuse out from the polymer film to deionised water due 
to the concentration gradient. This passive study was used as control for 
the active release study. Therefore, the duration of the study was only 
20 minutes.  The water was measured frequently using the conductivity 
cell. The results are shown in figure 4.13 together with prediction from 
Peppas’ model. Peppas’ equation is generally used in drug controlled 
release studies, and is given by: 
 nt kt
M
M


     4.5 
where Mt/M and t are released fraction and time, respectively. The 
parameter n is a diffusional exponent which is equal to 4.5 for Fickian 
diffusion. Therefore k is iterated to have the best fitting result. Although 
several outliers were clearly observed, error calculation indicates 9% 
relative standard error. Hence, this simple model is considered as a 
plausible approach in this case.  
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Figure 4.13: Fitting result of passive release study (refers to 1 mg/mL 
glutamate exchange solution) 
The glutamate release profiles from films with various concentration of 
glutamate ionic exchange are also presented in figure 4.14. In this case, a 
longer study was conducted (360 minutes). As expected, the higher the 
concentration of glutamate exchange, the higher the glutamate release. 
This suggests that the quantity of glutamate ion electrostatically trapped 
inside the polymer film corresponds positively with the concentration of 
the glutamate exchange solution.  
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Figure 4.14: Fitting result of passive release study in 360 minutes using lower 
glutamate exchange concentration  than in figure 4.13 
Modelling studies showed that an initial burst of release occurred within 
the first hour followed by lower levels of release for the remaining 5 
hours of the study. The release profile showed Fickian diffusion when 
modelled using the Peppas model. The parameters are summarised in 
table 4.3. 
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Table 4.3 Peppas parametes for passive stimulation of glutamate release study 
Glu-exchange  
(mg/mL) 
k n Relative standard 
error 
(%) 
0.025 0.2 0.45 33.6 
0.075 0.4 0.45 8.5 
0.1 0.6 0.45 8.3 
1 2.9 0.45 9.0 
 
It is noted that the k parameters correspond to the glutamate release 
profile. The highest k is achieved highest glutamate exchange 
concentration. Overall, the Peppas model also gave a close estimate to 
the real data apart from the lowest exchange concentration studied 
(0.025 mg/mL).  Most probably, the sensitivity of the instrument is very 
low at detecting values below 0.2 µM. Hence the standard curve gave 
inaccurate values at this range.   
 
4.3.5 Release studies in electrical stimulated environment 
In order to establish an optimal potential to apply, electrically controlled 
release study of P3HT-Glu films (exchange with 0.075 mg/mL as a 
representative concentration) was performed. Pulsed potential using 
constant square wave pulsed of 0V (off) and mV (on) which m varies 
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from 0V, 2V, 3V and 5V with interval of 1 minute was applied (section 
4.2.3). 
It was initially thought that the higher potential would release more 
glutamate as more charge passed through the polymer film should 
promote more ion repulsion. Surprisingly, the 3V and 5V potential 
stimulated less glutamate release than the 2V (see figure 4.15).  
 
Figure 4.15: Electrical stimulation with 0V; 2V; 3V and 5V. 
The reason for the decreased glutamate release with higher potential of 
2V has not been explored, but this is expected to be due to polymer 
breakdown. Thus it appears that stimulation of lower than 2V is more 
suitable for control of glutamate release. Therefore, a series potential of 
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0.5V, 1V, 1.5V and 2V were tested. Glutamate exchange solution with 
concentration of 1 mg/mL was used in ion exchanging process. A higher 
concentration of glutamate was used to have more accurate 
measurement with lower standard deviation. Note that the glutamate 
release was quantified in situ using conductivity cell connected with the 
LCR impedance meter. 
Figure 4.16 showed the glutamate release with stimulated potential of 
0.5V; 1V; 1.5V and 2V. None of the release profiles showed Fickian 
diffusion when modelled using the Peppas equation, observed by 
comparing the stimulated profiles with the unstimulated release profile. 
Therefore, it suggests that mixed mechanism are involved in the release. 
Obviously, electrical stimulation is the regime that contributes to altered 
release profile.  
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Figure 4.16: The effect of varying electrical stimulation protocols on 
glutamate release from P3HT film 
From the data above, applied potential and observation time are two 
variables that affect the glutamate release concentration. Therefore, 
two-way-ANOVA from Matlab was employed by assuming that our data 
follow Gaussian distribution. The p value calculation gave values of 0, 0, 
and 8.10-13. These values indicate that both applied potential and 
observation time affect the glutamate release, but there is no evidence 
of a interaction effect of the two. Hence, it underlines that data are 
significantly difference respect to the applied potential and observation 
time.  
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In these situations, pulsatile stimulation might be defined as the rapid 
and transient release of a certain amount of glutamate within a short 
time period immediately after a predetermined off-release period. In 
order to study the amount of release glutamate and the time constant, 
release profiles were fitted to the Box-Lucas model. The Box-Lucas 
model is expressed as the following form: 
                  4.12 
Where x is stimulation time (in minutes) with a and b are constants.  The 
‘y=a’ is the asymptote equation of the model. The meaning of this 
asymptote equation is that when the stimulation time near to infinity, 
the glutamate release concentration tends towards a constant. The 
reciprocal parameter ‘b’ or 1/b indicates the time needed to achieve the 
constant concentration. The parameters are summarised in table 4.5.  
 Table 4.5 Fitting parameter using Box-Lucas model. 
Potential a b Time constant 
(1/b) (Minutes) 
Lag time 
(Minutes) 
Error fitting 
(%) 
0.5V 44.77 0.177 5.650 3 7.28 
1 V 33.93 0.567 1.764 1 10.80 
1.5V 37.38 0.767 1.304 0 4.71 
2V 40.74 0.941 1.063 0 3.56 
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About half portion of the incorporated glutamate was released during 
electric stimulation as calculated from the initial glutamate content in 
the films. The time constant showed a dependency of glutamate release 
with applied potential. The higher the applied potential, the faster it 
reaches the asymptotic cumulative glutamate release. Notably, the 
application of an electrical stimulation created a burst release with a 
stimulation of higher than 1V. A fitting analysis indicated that the 
stimulation with 0.5V and 1V had a time-lag of 3 and 1 minutes, 
respectively (see table 4.5). This time-lag reduces the burst release 
characteristic which is undesirable in controlled release systems. 
Prevention of this initial burst can allow the release to be sustained for 
longer periods, rather than a large quantity of neurotransmitter being 
released in the first few minutes and then very little (if any) further 
release.  
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Fig.4.17 Fitting analysis of glu release profile using Box-Lucas model  
 
Modelling study showed that there are three different glutamate release 
profiles observed. Firstly, the unstimulated release profile that follows 
Fick’s diffusion. Secondly, a semi linear glutamate release that occurred 
when 0.5V and 1V are applied. Lastly, the burst release characteristic 
that was detected when a higher potential is applied. Thus it suggests 
that the applied potential between 0.5-1.0V is the optimum stimulation 
condition (pulse, time and potential) in order to have linear behaviour in 
glutamate release concentration. On the other hand, burst-like release 
mya be useful when acute dosage is required. 
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4.3.6 Uptake studies 
The uptake of glutamate by the polymeric films was investigated using 
two methods:  
1. P3HT polymeric films exchanged with glutamate were used and 
the positive and negative poles were inverted. The same 
stimulation process was used with the same potential voltage 
(but inverted) and also the exposure time. This mechanism was 
aimed to investigate the alternate uptake of glutamate ions from 
water and diffusion of glutamate released from the polymeric 
film.  
2. ‘Fresh’ polymeric P3HT film was oxidised and rinsed to be ready 
for immersion in glutamate exchange solution. Uptake was 
stimulated by applying a potential difference between the film 
and the solution as described in section4.2.3. This measurement 
was done to investigate the ‘pure uptake’ of glutamate ions from 
the water environment without any other compensating regime 
i.e. diffusion from polymeric film. Basically, this mechanism is 
observing the ion exchanging process in short times. 
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Fig.4.18 The scheme of uptake experiment: (a) method I and (b) method II 
The first mechanism is the real application of the substrate for 
controlling release and uptake of glutamate ions. Additionally, this 
process is the continuation of glutamate release study described above. 
It can be noted that the control film, with no voltage applied has a 
passive release profile (fig.4.18.a) as glutamate diffuses out. On the 
other hand, as fig.4.18 shows, applied potential obviously decreases the 
cumulative glutamate concentration in the water. This is an evidence of 
glutamate uptake. Unfortunately, the applied potential of 0.5V-2V did 
not give significantly difference in uptake profiles. This suggests that an 
incorporation of glutamate ions onto polymeric surface took place 
effectively even with the lowest potential voltage we used. 
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Figure 4.19: Glutamate uptake profiles using method i 
Here, the standard deviations of the experimental data were not shown 
in order to give the trend of uptake profiles. It also noted that the 
decreasing trend is initiated at the first minute instead of at initial time 
(at zero). We presume that the diffusion process was still ongoing and 
the effect of anions scavenging was not observable. Diffusion process 
was overcome after the first minute since the concentration of 
glutamate in water already achieved a constant glutamate 
concentration. It means that the outgoing difussional flux was greater 
than the potential modulated anion scavenging. 
A similar profile is also shown by the second uptake mechanism. In this 
case, no diffusion is expected since the doped films were ‘ions empty’. 
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Therefore, the unstimulated profile should be a mirror image of that in 
the first uptake method. Apparently, the adsorption process of 
glutamate anions onto the polymer surface was occurred passively.   As 
expected, the applied voltage scavenged the glutamate ions 
instantaneously.  
 
Figure. 4.20 Glutamate uptake pure profiles using method ii 
As in the first method, the applied potential did not give significantly 
different uptake profiles. However, the unstimulated profiles showed a 
significantly different trend compared to the stimulated profiles. The 
standard deviations were also not shown here in order to view the trend 
of uptake profiles. Note that even a low potential voltage enables us to 
scavenge the glutamate anions into the polymer surface. 
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4.3.7 Simulation of release/uptake studies 
We began our analysis of the model of glutamate diffusion from the 
P3HT films by applying a 1D analytical solution (eq 4.9) to find the 
effective diffusion coefficient. Then, the diffusion coefficient was applied 
in equation 4.10 to model the glutamate release concentration in 
stimulated condition. 
 
Figure  4.21: Fitting experimental data using analytical and numerical model for 
unstimulated (left) and 2V stimulated (right) in release studies 
Similarly, eq 4.8 was used to model the transport of ions in 2D using 
Comsol. The following assumptions were made: specimens are 
saturated; advection is not considered; and chemical reactions and 
activity are neglected. The numerical treatment of this equation using 
the Finite Element Method (FEM) has been discussed in several papers. 
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Figure 4.21 shows the experimental data and models of Fick’s diffusion 
versus time. The best estimate for the diffusion constant was found to 
be 2.2x10-6 cm2/s and 5x10-6 cm2/s for 1D and 2D respectively (see table 
4.5). These data are in agreement with values in the range of 0.2-7.6 
x106 cm2/s reported in the literatures (Ventriglia 2000, Franks 2002, Choi 
2003, Saftenku 2004). 
 
Fig.4.22 The visualisation of numerical method using Comsol to predict the 
glutamate release concentration in the (a) boundary later and (b) the 
concentration distribution chart. 
Figure 4.22 shows the numerical model of glutamate release. The 
important parameters that need to be inserted are diffusion coefficient, 
ion migration and potential applied. As described above, the diffusion 
coefficient set to 5.10-6 cm2/s whereas the ion migration was in the 
range of 7.10-6 mol/m2/s. The simulation resulted in a glutamate 
concentration profile from any points in our physical model. 
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Table 4.6 Fitting errors of the 1D analytical model and 2D numerical model 
 Error fitting  (%) 
 Release studies Uptake studies 
 1D analytical 2D numerical 1D analytical 2D numerical 
Unstimulated 16.7 11.9 11.14 7.26 
0.5V 13.7 12.7 7.57 2.22 
1V 15.3 8.4 11.6 5.03 
1.5V 11.7 10.9 11.2 7.25 
2V 6.3 6.4 6.16 3.27 
 
It can be noted that 2D numerical model fits the data better for both 
release and uptake studies. However, the usage of analytical model with 
special limitation also can be applied.    
 
 
Figure 4.23: (a) Fitting result of uptake studies for 2V stimulation and (b) a 
recreation of release-uptake profile performed by the 2D numerical model  
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Using the same parameters and inverting the value of potential, we 
modelled uptake in the P3HT film. We then combine the release and 
uptake data as shown in figure 4.23.b, to model both stimulated release 
and uptake.  
4.3.8 Toxicity Assay 
The results of toxicity assay are shown in fig 4.24. Cell viability was 
greater than 100% compared to controls (polystyrene multiwell base) in 
all cases.  Results of the cell titer assays show that P3HT-doped films are 
at least as biocompatible as cell culture plates, with cell survival of upto 
4 days after seeding. 
 
Fig.4.24 Hepatocytes viability expressed as percentage of control in wells 
without any material 
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The viability results indicated that pure P3HT is compatible with living 
cells. Additionally, PCL is known to be a biocompatible material. 
Therefore, we hypothesise that a blend of PCL-P3HT should have also 
good compatibility for the realisation of materials which can be induce 
peripheral nerve regeneration. This aspect will be discussed in the 
following chapter. 
 
4.4 Conclusion 
The use of perchlorate as anionic dopants for P3HT films formed a 
conductive surface after oxidation. The doping process resulted in 
significant lowering of the resistivity of P3HT films. Moreover, the 
exchange of dopant from perchlorate ion to glutamate was confirmed.  
A series of investigations on the release/uptake of glutamate ions 
through electrostimulation was reported. Pulsatile potential in the range 
of 0.5-2V were able to control ion release/uptake. The release/uptake 
profiles were reported and simulated using mathematical models. The 
results show that glutamate ions can be scavenged and released from 
the polymer using electrical switching. 
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5. Studies and Characterisation of Conductive Polymer 
Blend: Polycaprolactone-Poly(3-hexyl thiophene).  
 
Abstract 
Poly(3-hexyl thiophene-2,5-diyl) (P3HT) doped is a conductive polymer 
but it is brittle and not suitable for use as a structural material.  PCL is a 
non-conductive synthetic polymer which leads to increased tensile 
strength, durability and flexibility. Mixtures are prepared to form thin 
films. Electrical and mechanical properties, specifically Young's modulus 
will be presented. Pure doped P3HT exhibits a conductivity of 139 S/m 
but conductivity decreases to 0.01 S/m for 8wt% PCL: P3HT in blended 
system. 
 
5.1 Introduction 
Numerous studies have been performed on conjugated polymers such as 
polypyrrole, polyaniline and  polythiophene, since the discovery of the 
conducting properties of polypyrrole in 1979 [Skotheim ]. These 
polymers are capable of exhibiting a significant level of electrical 
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conductivity, hence termed as conducting polymers Polyaniline, 
polythiophene and polypyrrole exhibit relatively high conductivity (100- 
10,000 S/m) and relatively stable at ambient temperature. Therefore, 
they have been applied in the field of electronic devices such as energy 
storage [Novak et al 1997], sensors [Nicolas et al 2001] and much more. 
In most cases, the conducting polymers are brittle and thus have 
marginal mechanical utility. The casting of conducting polymers into film 
or other forms that are useful for different applications is very difficult. 
Incorporation of conducting polymers into an insulator host polymer 
substrate, forming a blend or composite has been used as an approach 
to combine electrical conductivities with desirable mechanical strength 
of polymers. Numerous host polymers have been already used namely, 
polystyrene, polycarbonate, poly(vinyl chloride), polymide and poly(vinyl 
alcohol) [Wang et al 1990, De Paoli et al 1985, Naoi and Osaka 1987, Iroh 
and Levine 2002].  
High concentrations of a brittle conducting polymer in a blend may be 
detrimental to the mechanical properties of the blend, so it is desirable 
to minimize the amount of the conducting polymer. However, this must 
be balanced by the requirement of sufficient concentration of 
conducting polymer to achieve a percolation threshold for an insulator 
to conductor transition. Commonly, conducting polymer formed globular 
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aggregates in an insulating medium due to its immiscibility [Lee 1991, 
Gubbels et al 1994]. A conductive blend system performed 
interconnection between aggregates to allow percolation threshold as 
modelled in figure 5.1. For globular aggregates of a conducting polymer 
in an insulating medium, percolation occurs at a threshold volume 
fraction of 0.16 (Rutt et al 1991, Levon et al 1993). Although, lower 
percolation volume fractions have been reported when the conductive 
polymer phase is anisotropic or if specific interactions occur between the 
components of the blend (Andreatta et al 1990, Balberg et al 1984).   
 
Fig.5.1 Aggregation of conducting polymer in polymer host to form percolation 
network 
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Various blending systems with different doping method were introduced 
in effort to achieve the designed material.  Polythiophene (PTh) and 
polypryrrole (PPy) blends with polystyrene and polycarbonate films were 
prepared by Wang et al [1990] by electrochemical polymerization. The 
thiophene or pyrrole diffuses into the film and polymerises in-situ in the 
film. Threshold conductivity occurs at 18% for both conducting polymers 
in polystyrene. Lower level exists for PTh (12%) and PPy (7%) in 
polycarbonate. It was assumed that the miscibility of conducting 
polymer to host polymer was contributing to the lower threshold limit. A 
phase separated blend would be expected to have higher values of 
threshold limit.   
Several papers have reported on polyaniline (Pani) with polyvinyl alcohol 
composites [Chen and Fang 1991, Morita and Hashida 1991]. Composites 
were prepared via coating a polyvinyl alcohol film on the anode and 
electrochemically polymerised Pani. The critical concentration limits 
were reported in the range of 8-20% wt Pani. On the other hand, 
Makhlouki prepared direct chemical oxidation by suspending polyvinyl 
alcohol film containing FeCl3 over a pyrrole solution. The percolation 
threshold was found to be very low at about 5% Pani content [Makhlouki 
et al 1992]. 
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Hager [1995], Yang et al [1993] and Cao et al [1992] have described a 
conductive polymer blend system with excellent efficiency. Mixtures of 
the surfactant doped Pani with conventional polymers (eg. 
Polymethylmetacrilate) cast films exhibited threshold at composition as 
low as 1 wt% Pani. In those cases, the key element of the process was 
the dissolution of polyaniline using surfactants.  
The above references demonstrated polymer blend technology to 
achieve the balance of mechanical properties and conductivity. In our 
study, polycaprolactone was appointed as host polymer to form a blend 
system with poly(3-hexyl thiophene) conductive polymer. The previous 
chapter reported the study on pure P3HT pure as a conducting electrode 
in neural applications. Herein, the mechanical and electrical properties of 
the blend PCL-P3HT were studied. It is hypothesized that this blend 
system can be applied in realising scaffolds for nerve regeneration.  
 
5.2 Experimental Section 
5.2.1 Preparation of conductive P3HT-PCL films 
Initially, poly(-caprolactone) (PCL) from Sigma Aldrich was dissolved in 
chloroform (Sigma-Aldrich) to a concentration of 0.20 g/mL. Then, 
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poly(3-hexylthiophene-2,5-diyl) (P3HT) from Rieke metals were also 
sonicated in chloroform for 2 minutes to give P3HT dispersions of 0.02-
0.07 g/mL. Various blends were obtained by sonicating the two 
preparations in a 1:3 volume part of P3HT solution:PCL solution and 
resulting in 3.25-10 wt.% P3HT content. Immediately after sonication, 
300 µL of mixture was spin coated (BLE Equipment, Germany) onto a 12 
mm glass slide and dried in a silica tank for seven days to evaporate the 
solvents. 
Perchlorate solution was prepared as dopant agent for oxidising P3HT 
polymer film. Iron (III) perchlorate hydrate from Sigma Aldrich was 
dissolved in acetonitrile (Sigma Aldrich) to give a 0.5% g/mL solution. The 
doping step was employed by immersing P3HT film in 5 ml perchlorate 
solution for 10 minutes. The oxidised polymer films turned out darker 
and later were rinsed with deionised water (18 MΩ/cm) to remove 
excess perchlorate ions. 
 
5.2.2 Structural characterisation 
In order to visualise the formation of globular aggregation of P3HT in the 
polymer host, optical microscopy were used. Olympus AX70 optical 
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microscope equipped with Olympus C-5060 Camera and image 
processing software were utilized. 
 
5.2.3 Tensile test 
Tensile tests were performed to study the mechanical properties of PCL-
P3HT film. The films were strained up to 10% of length deformation on a 
Zwick Roell tensile testing machine (model Z005) employing a 
deformation rate of 0.05 mm/minute. All data were instantaneously 
recorded with a computer. The Young’s modulus and tensile strength 
were obtained by analysing the elastic part of the stress-strain graph. 
 
5.2.4 Impedance measurement 
Two probe method was performed to measure impedance characteristic 
of specimens.  The instrument used was Agilent 4086 LCR meter which 
connected with PC through LabView as an interface software controller. 
Voltage amplitudes of 1V AC were applied during impedance 
measurement. The characterisation was monitored during a frequency 
range of 20 Hz to 1 MHz.  
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Specific conductivity  was calculated as previous chapter by using the 
relation: 
        
 
        
 
 
 
   1.3 
where A is the surface area, t is the sample thickness and Z*(f) is the 
complex impedance of the sample as a function of frequency. 
 
Figure 5.2: Experimental set-up for impedance measurement 
The films were cut into disk with a diameter of 1.2mm in order to have 
uniform distance in probing. Two Pt wires were then glued on the 
opposite ends (figure 5.2). 
 
5.3 Results and Discussion 
5.3.1 Topography analysis 
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Polythiophene is designed to be soluble in organic solvents by covalent-
bonding with a long alkyl side chains to each monomer. With the 
alkylated side chain, polythiophene can be processed better like 
polymers [Chen 1992]. Therefore, no surfactant was introduced in this 
study. All the P3HT-PCL films were produced with the same 
concentration of PCL host matrix. Various concentrations of P3HT-PCL 
blend were spun cast with a velocity of 1200 RPM. The results were 
microscopically imaged. In general, three dispersion patterns were found 
as depicted in fig.5.3. 
 
Figure5.3 Micrographs of P3HT-PCL blend films for (a)3% wt; (b) 5%; and (c) 8%. 
The morphology of blending polymers was studied, using optical 
microscopy. As shown in Fig. 5.3, the size and homogeneity of P3HT 
aggregates are dependent on the concentration of P3HT in the blending 
system. A homogenous dispersion between P3HT in PCL host matrix was 
achieved in a relatively low mass fraction of P3HT (3%). On the other 
hand, Figure 5.3.b showed globular shape of P3HT aggregates at 
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concentration of 5%. As the concentration of P3HT increased, the 
globular morphology became more evident with bigger area which 
practically termed as island. It also noted that pathways are established 
between the islands of P3HT particles (fig.5.3c). It is believed that 
continuing to increase the P3HT will lead to more massive phase 
separation between P3HT filler and PCL host matrix . Therefore, the 
blend systems were studied only to a concentration of P3HT to 8% w/w. 
Despite the superiority of polythiophene in solubility as describe above, 
it still showed heteregenous phase in blend system. It is likely that the 
interchange electron transfer of polythiphene is relatively stronger than 
that of hydrogen bonding of general polymers. Consequently, phase 
separation is established in blend system of conducting polymer and 
host polymer.   
As discussed in the previous chapter, polythiophene can be doped to 
render more conductive. There are a number of ways by which doping 
can be carried out. Essentially, these different methods can be broadly 
summarized as being solution doping, vapour phase doping and 
electrochemical doping. In our case, the PCL-P3HT films were dipped in 
solution containing perchlorate solution. Visual inpection showed that 
the films turned darker instantly. This indicated that chemical oxidation 
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was eminent.  The morphology was not performed here as there was no 
visible difference. 
5.3.2 Mechanical properties 
The tensile properties of the blend films were investigated. Generally, 
P3HT is known as a very rigid and brittle material, and the tensile 
strength of most P3HT blends or composites has a decreasing tendency 
as the concentration of P3HT increases [Ho et al 1999]. Moreover, 
because P3HT is not completely dissolved or is dissolved at a very low 
concentration, it acts as defects in blends or composites, such as metal-
powder-filled composites.  
 
Fig. 5.4 Stress-strain curves of PCL and PCL-P3HT blend films 
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Fig.5.4 depicted the stress-strain profiles of P3HT-PCL blending system 
with various concentrations and also compared to pure PCL film. As 
describe before, the mechanical properties is interest of this study. Since 
it is aimed a providing structured support, it is desirable that the 
composite films have tensile properties similar to pure PCL. The stress-
strain profiles indicated that the elastic modulus of the PCL-P3HT blend 
films were lower than that of pure PCL. Table 5.1 resumes the calculation 
of elastic modulus and tensile strength as in eq. 1.4 and 1.5. An elastic 
modulus decrease in 25% was computed between PCL pure films and 
composite films with 3% addition. Further decrease demonstrated with 
addition of 5% and 8% P3HT in the blend system. However, the elastic 
modulus of blend films maintained as the concentration of P3HT was 
increased up to 8wt %. The p value calculation showed that there is no 
significant difference between composite PCL-P3HT 5% and 8% (p=0.07, 
pair sample t-test). These results can be explained by the fact that P3HT 
had sufficient solubility and there were some interactions such as 
hydrogen bonding or molecular-level miscibility between PCL and P3HT 
in the blends.  
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Table 5.1 Tensile properties of PCL-P3HT blend films 
 
With more than 3 wt.% P3HT, however, the rigid or brittle characteristics 
of P3HT became dominant, and so the tensile strength of the P3HT/PCL 
blends was decreased. Moreover, a rupture point was indicated at all 
blend systems of PCL-P3HT. The decrease in tensile strength was due to 
the decreasing volume fraction of PCL host matrix in the compounds 
containing a higher concentration of P3HT filler. As the concentration of 
P3HT increased, there were not enough host matrices to hold the 
particles of the P3HT; thus the tensile strength was decreased. 
Elongation at break also then decreased with an increase in P3HT 
loading. The addition of P3HT is evidently increasing the brittleness of 
the composite films. 
  
 
Specimen Elastic Modulus 
 MPa 
Tensile 
strength  
MPa 
Elongation at 
break 
PCL  63.8 ± 4.6 3.5 ± 0.4 -- 
PCL /P3HT 3% 47.4 ± 5.3 3.2 ± 0.2 0.06 
PCL/P3HT  5%  39.6 ± 4.2 2.8 ± 0.3 0.05 
PCL/P3HT  8%  42.2 ± 6.2 1.6 ± 0.2 0.05 
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Theoretical prediction of modulus elasticity 
Numerous micromechanical models have been proposed to predict the 
elastic constants of PCL/P3HT composites. These models generally 
depend on parameters including particle/matrix stiffness ratio Ep/Em; 
particle volume fraction fp; and orientation. In applications relevant to 
the present study, the particles and the matrix are assumed to be 
linearly elastic. Here, Ep and Em denote the elastic moduli of the filler 
particle and the host matrix, respectively. Elastic modulus of host matrix 
was designated from the experimental data while P3HT filler was taken 
from Wang et al report [2009]. They reported that the elastic moduli of 
polythiophene were in the range of 3-7 GPa. Here, a median value of 5 
GPa was used in all models.  
In the simplest possible case a composite can be modelled as an 
isotropic, elastic matrix filled with aligned elastic fibres. Matrix and fibres 
are assumed to be very well-bonded. Under these circumstances, the 
composite tensile modulus in the alignment direction, Ep, is proposed by 
Voigt and Reuss models:  
                     5.1 
      
  
  
 
      
  
 
  
     5.2 
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Another common model is that assuming a 3D network with particulate 
orientation as given by:  
    
            
          
        5.3 
 
   
Fig. 5.5 Elastic modulus prediction of PCL-P3HT blends 
Error calculation gave values of 118%, 21% and 24% for Voigt, Reuss and 
3D particulate model respectively. Voigt and Reuss predicted the 
composite with the conductive filler as fibre inside the polymer host 
matrix. Voigt, well-known as rule of mixtures, describes a rather 
idealised situation. Then, on application of a stress in the fibre alignment 
direction, the matrix and fibres will be equally strained. On the other 
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hand, Reuss model which also known as lower limit of rule of mixtures, 
gave a closer estimation. For non-aligned, shorter fibres, the composite 
modulus is given by 3D particulate model which also gave lower error 
compare to that Voigt prediction. However, all the models gave an 
increasing trend with increasing P3HT filler, whereas experimental data 
showed an opposing trend. Apparently, assumption of fibre shape did 
not suffice the real condition. Additionally, as described above, the P3HT 
fillers play rigid part at these compositions thus weakening the films 
instead of reinforcing them. 
 
Effect of doping process 
Tensile tests were also employed for doped films with P3HT 8%wt 
content. The doping process was done by immersing composite films in 
maximum of 0.02 M iron perchlorate solution. The result was indicated 
by a change in colour of films. Note that the usage of a higher 
perchlorate concentration will degrade the PCL-P3HT films due to over 
oxidation and the use of acetonitrile as solvent. 
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Fig.5.6 Stress-strain profiles of blend film before and after doping process 
 
Fig.5.6 showed a stress-strain profile of PCL-P3HT before and after 
doping process. The elastic modulus calculation gave a value of 55.4 ± 
3.9 MPa after doping process. This value is higher than that of before 
doping state (42.2 ± 6.2 MPa). On the other hand, the tensile strength 
and elongation at break were decreased by a factor of 30% and 20%, 
respectively. These tensile properties indicated that the doped films 
were more rigid or less ductile compare to that before doped. One 
reason is that the perchlorate ions penetrated to the polymer chain 
networks thus new aggregates were formed. The addition of new fillers 
evidently decreases the polymer PCL capability to host the fillers. Thus, 
the magnitude of phase separation inside the blend system is amplified.   
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Additionally, doping in polymers is a redox process involving charge 
transfer with subsequent creation of charged species. With polymers, 
electron excitations are accompanied by a disorder or relaxation of the 
lattice around the excitation. Therefore the relaxation will result in 
structural defects along the polymer chain. Consequently these 
structural defects will increase the brittleness of PCL/P3HT material.  
5.3.3 Electrical properties 
The resistance of PCL-P3HT films was measured using two probe 
methods (fig.5.2). The result performed below was depicted as bulk 
impedance of samples with 1.2cm diameter. The addition of P3HT into 
PCL blend did not instantaneously change the impedance values.  The 
doping process indicated an eminent change between pure PCL films and 
composite P3HT-PCL films.  
 
Fig.5.7 Impedance (a) magnitude and (b) phase of PCL and PCL-P3HT blend 
films. 
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Fig.5.7a depicts the comparative study of PCL pure films, PCL-P3HT 
composite films (8 wt.%) before and after doping process. Note that the 
impedance magnitude profile of PCL pure films and PCL-P3HT blend 
coincide. Similar characteristic are also depicted in impedance phase 
(fig.5.6.b). On the other hand, perchlorate doping demonstrated strong 
modification in impedance magnitude and phase. The inset graph 
showed a dramatic decrease of PCL-P3HT film impedance after doping 
process.  
Table 5.2 resumes the conductivity values of films which were calculated 
at frequency of 20 Hz.  Overall, the conductivity of P3HT-PCL doped films 
is increased consequently with the amount of P3HT. This was because, 
after doping, more charge carriers were introduced into the polymer 
chain, which helped to increase the conductivity. Note that the 
conductivity after doping was in factor of 10 compared to that before 
doping for composites of 3 and 5 % w/w. On the other hand, the 
conductivity of PCL-P3H 8% composite is shown to be 1,000 fold 
compared to that before doping.  
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Table 5.2 Conductivity values of PCL-P3HT blend films 
 
At low loadings of P3HT, the conductivity of the composites was very 
low. This was because the P3HT globules were isolated from each other, 
and there was no conducting path. As the loading of P3HT was increased, 
cluster or P3HT were formed and a conducting path was established as 
shown in fig.5.3. The percolation theory dictated that the conductivity 
increases rapidly up to a particular concentration. Up to this state, 
further addition of conductive filler gives no change in conductivity.  
Films Conductivity (S/m) 
Undoped Doped 
PCL  2.19 .10-6 2.10 .10-6 
PCL /P3HT 3% 3.46 10-6 7.83 .10-6 
PCL/P3HT  5%  8.21 10-6 4.00 .10-6 
PCL/P3HT  8%  8.30 10-6 1.02 .10-6 
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Fig. 5.8 Percolation threshold fit  
 
Standard percolation theory was used to analyze the conductivity 
results. The data presented in table 5.2 was fitted to simple percolation 
model described below by Eq (1.1) 
               
   for         1.1 
Here t is the critical exponent, p is the volume fraction of conductive 
medium, and pc is the volume fraction at percolation threshold. Pc value 
was predicted in the area of 4-6% where the conductivity inreased from 
10-6 S/m to 10-4S/m. By fitting the plot of log ( ) versus log (p-pc), a 
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prediction line was estimated (red line in fig.5.7). The values of 
correlation coefficient (R) and t were calculated to be 0.86 and 2.2 
respectively. The estimated electrical conductivity percolation threshold 
in mass fraction is 7.4%. The correlation coefficient was rather low for an 
accurate prediction, caused by data limitation. However, a jumping 
conductivity was apparent in mass fraction of 8% (fig.5.8).  Hence, a 
prediction of percolation threshold near to this value is plausible. 
Additionally, our finding is much lower than the theoretical value of 
conductive volume mixture i.e 16 %. 
A reference study was rather difficult because no experimental work 
with exact preparation method and material is found. However, 
Ljungqvist and Hjertbert who worked on poly(3-octylthiophene) and 
PVC, reported conductivity in the range of 1.10-3- 1.102 S/m [1995]. 
Furthermore, Wang et al reported that blend systems of polythiophene 
in polystyrene and polycarbonate host matrix have conductivity values in 
the range of 10-2 – 1 S/m [1990]. 
 
5.4 Conclusion 
PCL/P3HT conducting blends were prepared using chemical oxidation as 
a doping method. The conductivity of the blends was in the range of 0.01 
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S/m, and the percolation threshold was about 7 wt.% P3HT. The elastic 
modulus was maintained at 55 MPa with the addition of up to 8 wt % 
P3HT, whereas the blends became brittle because the characteristics of 
P3HT were becoming dominant. The optical microscopy study showed 
that the increasing concentration of P3HT resulted in globular 
morphology and formed interconnections. In the next chapter, we show 
how the PCL-P3HT conducting blend can be fabricated into tubular 
structure for application in nerve guidance channels. 
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6. Realisation of Conductive Nerve Guidance Channel using 
Blend Poly(-caprolactone)-poly(3-hexyl thiophene-2,5-diyl) 
Polymer 
 
Abstract 
In this study we have prepared a conductive hollow fibre composed of poly(-
caprolactone) blended with conductive filler poly(3-hexyl thiophene). The 
realised tubes have inner and outer diameter in the range of 312 µm and 520 
µm, respectively. Evaluation of the electrical and mechanical properties of the 
tubes determined conductivity levels of 0.006 S/m, with an elastic modulus and 
elongation to break approaching 170 MPa and 7%, respectively. The PCL-P3HT 
composite tubes presented in this study has the potential to be used in 
application of peripheral nerve guidance channel.  
 
6.1 Introduction 
Tubular nerve guidance channels (NGC) made of synthetic materials have 
been used to bridge nerve gaps with promising results [Aebischer et al 
1989, Kiyotani et al 1995, McCormack et al 1991]. NGCs with inner 
diameter slightly larger than the diameter of the nerve being repaired 
are used. This strategy involves securing the proximal and distal ends of 
the nerve to the two open ends of the NGC. These tubes physically guide 
axonal processes towards their distal targets. 
Recent studies in our laboratory have focused on the utilisation of 
poly(-caprolactone) (PCL) as a potential conduit for bridging nerve gaps 
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[Chiono et al 2009]. PCL offers several advantages including its 
biodegradability, porous structure, and consistency in design 
requirements. However, we are aware that realisation of ideal synthetic 
NGC is still far from the nerve autograft as”gold standard” in this 
application.  Huang and Huang defined that ideal guidance channel 
should be biodegradable, should not elicit immune response, have 
electrical activity and be porous. It should also be able to incorporate 
support cells, neurotrophic factors, and internal oriented matrices 
[Huang and Huang 2006]. Moreover, it should be flexible, readily 
available and easy to fabricate [Hudson etal 2000]. 
 
Fig.6.1 Key design elements in the construction of nerve guidance channels 
(adapted from Huang and Huang, 2006). 
 
A number of different classes of materials have been investigated as 
potential nerve guidance channels (NGCs). Since electrical charges 
appear to play an important role in the stimulation of axonal 
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regeneration [Sisken et al 1993], the use of electroactive materials as 
NGCs is under active investigation. Although the exact mechanisms by 
which electrical stimulation enhances nerve regeneration are not well 
understood, it is well documented that electrical stimulation enhances 
both neurite outgrowth in vitro and nerve regeneration in vivo 
[Aebischer 1987, Valentini etal 1989, Raji and Bowden 1983, Sisken et al 
1989]. Constructing nerve guidance channels with electrically active 
materials offers the ability to deliver localised electrical stimuli at an 
injury site while also providing a physical surface for re-growth.  
The three main types of electrically active biomaterials under 
consideration are polymers with a quasi- permanent surface charge 
(electrets), polymers that generate an electric charge upon applied 
mechanical stress (piezo-electrics), and electrically conducting polymers. 
As opposed to piezoelectric materials which require material 
deformation for charge generation, electrically conductive materials 
have the key advantage of permitting external control over the level and 
duration of stimulation. Of the electrically conducting polymers, oxidized 
polypyrrole (PPy) has been the most thoroughly investigated for use in 
biological systems [Schmidt et al 1997, Wong et al 1994, Shastri et al 
1996]. Several theories have been proposed to explain enhanced neurite 
outgrowth upon electrical stimulation of polypyrolle, including the 
possible electrophoretic redistribution of cell surface receptors and 
altered adsorption of adhesive proteins [Patel and Poo 1982].  
This chapter elaborates the realisation of conductive guidance channel 
from blend of poly(-caprolactone) and poly3hexyl thiophene via melt 
spinning technique. Tensile test was performed to study the mechanical 
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characteristic of realised tubes. Additionaly, electrical property also 
measured to confirm the conductivity of our tubular guidance channel.   
 
6.2 Experimental Section 
6.2.1 Material preparation 
Poly(3-hexylthiophene-2,5-diyl) (P3HT) from Rieke Metals Inc. initially 
dispersed in chloroform (Sigma Aldrich) solvent to form 0.05 mg/mL 
solution. Meanwhile, poly(-caprolactone) from Aldrich (Mn 80,000) was 
also prepared in chloroform solvent to form 0.3 g/mL solution. These 
two dispersions were then mixed in volume ratio of PCL solution: P3HT 
solution equal to 3:1. A homogenenous dispersion of P3HT/PCL was 
resulted after sonication. This dispersion was then drop cast and dried to 
form a film. This film was cut up and heated in temperature of 50 oC to 
evaporate remaining solvent. Solid P3HT/PCL pellets were formed after 
the termination of heating process. Ultimately, the P3HT content was 
calculated to reach 5 wt.% by assuming complete removal of solvent.   
 
6.2.2 Tubular nerve guidance channel fabrication 
Tubular nerve guidance channels were produced using a single-screw 
extruder from VSF-MAC.GI s.r.l., Italy (detail description on section 
3.2.1). The temperature setting is (from the feed zone): 100; 90; 80; 70; 
60; 50. The air pressure was set to 0.15 bar and velocity of extruder is 5 
mm/s. The extruder was aligned vertically thus realised fibres were 
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stretch downward by gravity. The tubular samples were collected after 
reaching 10 cm long. 
 
6.2.3 Doping process 
Perchlorate solution was prepared as agent for oxidising P3HT polymer 
film. Iron (III) perchlorate hydrate from Sigma Aldrich was dissolved in 
acetonitrile (Sigma Aldrich) to give a 0.5% g/mL solution. The oxidising 
step was employed by immersing PCL-P3HT tubes in 5 mL perchlorate 
solution for 10 minutes. The oxidised tubes turned out darker and later 
were rinsed with deionised water (18 MΩ/cm) to remove excess 
perchlorate ions.  
 
6.2.4 Dimension observation 
The realised tubular guidance channels were cut into 0.5 mm thin slices 
using our homemade mini ‘guillotine’. The picture can be reviewed in 
section 3.2.2. The thin slices of the tube were then imaged using 
Olympus AX70 optical microscope equipped with Olympus C-5060 
Camera. Image processing software was utilised to determine the inner 
and outer diameter.  
 
6.2.5 Mechanical tensile test 
The tubular were cut and formed into rectangular strips in around 15 
mm long (the wide depends on the dimension of fibres). The thickness of 
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each strip was measured using a common micrometer. The samples 
were strained up to 10% of length deformation on a Zwick Roell tensile 
testing machine (model Z005) employing a deformation rate of 0.08 
mm/minute. All data were instantaneously recorded with a computer. 
The tensile properties of the tubular scaffolds were obtained from the 
stress-strain curve. Replicate measurements were made for 5 samples 
and the results were quoted as average values 
 
6.2.6 Impedance measurement 
The impedance values were measured using Agilent 4086 LCR meter. 
Voltage amplitudes of 1 V AC were applied during impedance 
measurement. The characterisation was monitored during a frequency 
range of 20 Hz to 1 MHz. Specific conductivity  was calculated as 
previous chapter: 
        
 
        
 
 
 
  1.3 
Where A is the surface area, t is the sample thickness and |Z*(f)| is the 
complex impedance of the sample as a function of frequency. 
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6.3 Results and Discussion 
PCL-P3HT tubes were realised by melt spinning technique as described in 
chapter 3. The polymer feed was firstly prepared using solvent casting in 
chloroform and followed heat evaporating at 60 oC. Visual inspection 
showed that the melt polymer blend was in homogeneous state. The 
final product was formed as pellet solid with P3HT content of 5% and 8%. 
Note that in chapter 5, these blend compositions resulted in transitional 
conductive films with maintained mechanical property.  
Extruded tubular PCL-P3HT was successfully realised by setting 
temperature to near melting point of PCL as host polymer. The pressure 
necessary to extrude the tubular structures was dependent on the 
extrusion temperature. The temperature was set to melting point of PCL. 
It is aimed that the extruded polymer was in the viscous state in the die 
spinneret and then instantly solidify as exited from spinneret. The setting 
temperature of PCL-P3HT blend was similar to that of PCL pure melt 
spinning process. It can be assumed that there is no modification in 
thermal properties with the addition of 5 and 8% wt P3HT.The pressure 
was set to 0.5 bar to have tubular shape and not collapsing the wall 
tubes. This low pressure was constrained by relatively low heat capacity 
of PCL. PCL is amorphous polymer which generally has lower heat 
capacity in factor of 10 compare to that crystalline polymer. Low heat 
capacity combined with low glass transition temperature (-60oC) causes 
slow solidification of extruded PCL-P3HT from die spinneret. Therefore, 
velocity of extruder was also set to minimum as 5 mm/s. Winding-up roll 
collector which normally stretches the exit fibre from spinneret was not 
utilised.      
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The fabricated of P3HT-PCL tubular guidance channel are shown in fig 
6.2. The P3HT-PCL tubes were easily marked by their purple colour. 
Later, doping with perchlorate brought the colour of PCL-P3HT tubes 
become darker. This indicates that the chemically doping process was 
successful.  
 
Fig.6.2 Realised PCL-P3HT tubular guidance channels 
The dimension of tubes was determined from their cross section as 
method described in chapter 3. The dimension of composite tubes was 
comparable to that of pure PCL (table 6.1). The various concentration of 
P3HT feed did not affect the dimension of the resulted PCL-P3HT tubes 
(p=0.8; pair sample t test). 
Table 6.1 Dimension of realised PCL-P3HT composite tubes 
Specimen Inner diameter Outer diameter 
Exp  Sim Exp  Sim 
PCL 323.7 ±18 359.21 536.7 ±34 590.37 
PCL+ P3HT 5% 310.5 ±12 361.72 514.2 ±48 592.14 
PCL+ P3HT 8% 313.1 ±24 362.11 523.5 ±39 594.66 
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The dimension was determined by the forces that acting on the 
threadline exit from die spinneret downward. In this case, the extruder 
was vertically aligned so that the gravity force is the main regime that 
acting along the polymer fibre downward. The P3HT concentration was 
only affect on polymer density which in this case was insignificantly 
different.  Therefore, the realised dimension between composite 5 and 8 
wt.% were alike. Table 6.1 also gave the prediction for inner and outer 
dimension using series equations in chapter 3. The simulation gave error 
prediction around 15% for both composite tubes. As described in 
previous chapter, the model was lack of correlation between 
temperature and density of the polymer blend. It was assumed that the 
polymer density remains constant after exit from die spinneret.  
 
6.3.1 Mechanical properties 
The mechanical properties of tubular scaffolds are important in tissue 
engineering applications. Firstly, tubular scaffolds aimed to have 
mechanical properties suitable for load-bearing applications. Secondly, 
the ductility and strength determines how easy it is for the surgeon to 
handle and suture in the scaffold. A highly brittle material may for 
example crack or crumble, whereas a ductile material with sufficient 
strength is possible to implant and suture without destroying the porous 
structure or tearing the material. 
The fabricated tubular guidance channels reported in the literature thus 
far usually possess a solid rigid structure. The present work deals with 
the fabrication of tubular constructs made from polymer blend to act as 
nerve guidance channels. In most cases, melt mixing two polymers 
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results in blends, which are weak and brittle. The incorporation of a 
dispersed phase into a matrix mostly leads to the presence of stress 
concentrations and weak interfaces, arising from poor mechanical 
coupling between phases. Therefore, tensile test was performed to 
evaluate the mechanical behaviour of PCL-P3HT tubes. The results are 
given in Fig.6.3. 
 
Fig. 6.3 Stress-strain curves of PCL-P3HT tubes with different P3HT content 
 
The elastic modulus of composite tubular indicated a slight increase with 
the addition of P3HT fillers (table 6.2). A calculation showed that an 
addition of 5% P3HT increased the elastic modulus only in factor of 1.1 
compare to that pure PCL tubes. Further addition of 8% P3HT did not 
increase significantly compare to the previous 5% P3HT composite 
(p=0.12, pair sample t-test). However, the tensile strength study 
confirms that addition of P3HT effectively affects on stiffness of PCL-
P3HT tubes. The tensile strength was analysed during 10% elongation of 
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the specimens. The increasing tensile strength is apparent with 
increasing of P3HT filler.  Additionally, the elongation break was not 
indicated during 10% elongation of tensile test. It can be assumed that 
the mechanical properties were maintained along with the P3HT 
addition until 8%. Note that in nerve guidance application, tubular with 
elongation at break up to 200% was suggested by some researcher.  
Table 6.2 Tensile properties of tubular specimens 
 
Overall, the reinforcement trend of PCL-P3HT tubes is different to those 
PCL-P3HT films. Previous chapter elaborated that an addition of 8% P3HT 
significantly decreased the elastic modulus, tensile strength and also 
elongation at break. In PCL-P3HT cast films, the globules of dispersed 
phase (P3HT) were obviously indicated in microscope observation. The 
addition of P3HT tends to increase the globules of P3HT thus not enough 
host matrices to hold the particles of the P3HT. This phenomenon leads 
to decreasing tensile properties in cast films. In melt blending system, 
the crystal growth of filler is dependent with temperature.  Increasing 
temperature leads to minimisation of P3HT globules and homogeneously 
mixed in continuous phase (PCL). This suggests that the reinforcement 
might relate to the presence of heating process during the melt spinning 
process.  
 
Specimens  Elastic Modulus  
MPa 
Tensile strength (10% 
elongation) MPa 
PCL  145.8 ± 13 7.4 ± 0.6 
PCL /P3HT 5% 161.0 ± 19 8.3 ± 0.5 
PCL /P3HT 8% 167.4 ± 12 10.2 ± 0.7 
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Theoretical prediction of modulus elasticity 
Similar to previous chapter, simple rules for binary polymer blends 
correspond to the parallel and series connection are used. The equations 
were also known as Voigt and Reuss for parallel and series model 
respectively. The equations were given by: 
- parallel model                   5.1 
- series model      
  
  
 
      
  
 
  
  5.2 
where Ec, Ep, and Em denote the elastic moduli of the blend, filler 
particle, and the host matrix, respectively. Particle volume fraction fp 
was calculated from the mass fraction of filler particle multiply by 
density ratio between filler particle and host matrix. In most cases the 
parallel and series models serve as an estimate of the upper and lower 
bounds of the blend modulus. 
Several models also involve the particle orientation and shape in the 
host matrix. Here, another common model was also used to predict the 
modulus young of tubular composite. This model assumes 3D network 
was formed with particulate orientation as given by:  
     
            
          
       5.3 
Elastic modulus of host matrix was designated from the experimental 
data while P3HT filler was taken from Wang et al report [2009]. They 
reported that the elastic moduli of polythiophene were in the range of 3-
7 GPa. Here, a median value of 5 GPa was used in theoretical prediction.  
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Table 6.3 Mechanical model of tubular composite PCL-P3HT 
Specimen Elastic Modulus (MPa) 
 Experimental Voigt model Reuss 3D 
particulates 
PCL  145.8 ± 12.7 -- -- -- 
PCL /P3HT 5% 161.0 ± 19.1 237 149 152 
PCL /P3HT 8% 167.4 ± 12.3 389 153 163 
Average error prediction (%) 14.9 8.4 5.6 
 
Voigt and Reuss predicted the composite with the conductive filler as 
fibre inside the polymer host matrix. These two models describe a rather 
idealised situation such as particles and the matrix are assumed to be 
linearly elastic and isotropic Then, on application of a stress in the fibre 
alignment direction, the matrix and fibres will be equally strained. 
Therefore the error prediction, especially of Voigt model, is far from the 
real data. This discrepancy might cause by different assumption of 
particle shape in the matrix. However, the prediction of Reuss model 
prediction is rather plausible in this case.  Although the filler particle 
interaction inside the host matrix was not observed, it is strong indicated 
that the filler will have smaller crystal compare to that in the films. The 
3D particulates model which assumed for shorter fibre and 3 D network 
formation apparently closes to real condition. The prediction using this 
model gave the lowest error margin for blend system in tubular 
structure.  
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Doping effect on mechanical property 
As previously recognised, the dopant appears to play a significant role in 
polymer mechanical performance. The calculation of elastic modulus 
showed that doped PCL-P3HT tubes result in 178.2 ± 19 MPa. This value 
is higher than that of elastic modulus before doping process. Similar 
behaviour also showed in PCL-P3HT cast films where doping process 
stiffened polymer films. Fig.6.4 showed that tubular after doping starts 
losing its elasticity characteristics and finally results in the progressive 
brittleness. Doped PCL-P3HT tubes exhibit rupture at about 0.04-0.05 
elongation.  
 
Fig.6.4 Stress-strain curves of PCL-P3HT tubes before and after chemical doping 
process 
 
There are two important aspects that have been stated in the literature 
are the need for a small size of the dispersed phase and adhesion 
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between both phases. When under load, the PCL part of a blend can 
deform but the stress must also be passed on to the dispersed phase 
(P3HT) by the adhesion between the two phases. Kramer et al [1970] 
described the transition between brittle and ductile behaviour depends 
on value of polymer entanglements. Low value of entanglements results 
in a higher surface tension and eventually a brittle behaviour of blend. 
This is presumably that the oxidising of P3HT, affected the polymer PCL 
network in the blend system. The oxidation process destroyed some 
networks and leaded to lower value of entanglements. Therefore, the 
blend system becomes more brittle as confirmed by fig.6.4.   
The influence of the size of the dispersed phase on the mechanical 
properties of polystyrene blends has been studied by van der Sanden 
(1993). It was claimed that the Inter particle Distance (ID) between the 
dispersed phase particles in a blend determines whether a blend system 
will have a brittle or ductile fracture. If the value of ID is larger than the 
'critical inter particle distance' (IDc) brittle fracture will occur. If brittle 
fracture cannot occur, fully ductile behaviour is present. In this case, the 
doping process might enlarge the value of ID during perchlorate 
oxidation. This phenomenon might also the cause of brittleness after 
doping process of the PCL-P3HT tubes. 
 
6.3.2 Electrical properties 
Incorporation and oxidation of P3HTinto the polymer matrix modified 
the conductivity in spin cast film. It can be postulated that there is 
significant interaction between doped P3HT and PCL matrix. It is 
hypothesised that this characteristic also discovered in tubular shape of 
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PCL-P3HT. This section elucidates impedance measurement of 1.5 cm 
long specimen of PCL-P3HT tubes using two probe method.  
Fig.6.5 exhibits impedance profiles of PCL-P3HT tubes in comparison 
with that pure PCL tubes. Impedance magnitude in frequency lower than 
500 kHz showed a slight different with the content of P3HT. However, 
the impedance magnitude near to 0 Hz is above 10 MHz for all tubes. 
Moreover, impedance phase showed a plateau line at 90 degree along 
the frequency of 0-2 MHz for all tubular specimens. This profile indicates 
the isolative characteristic material which also showed in previous 
chapters.  
 
 
Fig.6.5 Impedance (a) magnitude and (b) phase of tubular specimens. 
Doping process was done by immersing the tubes in the perchlorate 
solution for 5 minutes long. A changing colour was sighted after the 
process. An impedance measurement was then performed again on the 
same specimens. Fig.6.5 depicts impedance profile for 8% P3HT tubes 
after doping process. Impedance magnitude of doped tubular PCL-P3HT 
was reduced in factor of 100 compare to that of before doping (fig.6.5 
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inset graph). Furthermore impedance phase also increased significantly 
as in fig.6.5.b.  
In order to do comparative study with similar reports, conductivity was 
calculated based on equation 1.4. The result is shown in tablet 6.4 which 
accounted the frequency near to 0 Hz or quasi DC. The undoped PCL-
P3HT samples may have slightly higher electrical conductivity with 
increasing P3HT content. However, this range of value is considered as in 
isolative material ( 10-6 S/m). Commonly, conductive material is 
accounted for material with conductivity higher than 0.001 S/m. 
Table 6.4 Conductivity values of PCL-P3HT tubes 
 
It turn out that the impedance modification was effectively only for 8% 
P3HT rather than of 5%. Conductivity calculation shows that 5% wt/wt 
P3HT tubes have an increasing only in factor of 10. It is noted that the 
study in cast film showed an increasing factor of 100 at the same P3HT 
content. Apparently, in case of melt spinning, the critical concentration 
to reach the ‘jumping’ conductivity is higher than that cast film.   
The extruded tubes need a much higher P3HT loading to form a 
conductive network, and compared with cast film ( 0.01 S/m) the tubes 
have a lower conductivity level. Usually a high percolation threshold is 
Films Conductivity (S/m) 
Undoped Doped 
PCL  2.1 ± 0.4 10-6  2.1 ± 0.3 10-6 
PCL/P3HT  5%  3.6 ± 0.5 10-6  3.2 ± 0.2 10-6 
PCL/P3HT  8%  7.9 ± 0.5 10-6   6.1 ± 0.2 10-6 
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attributed to a poor dispersion of the conductive fillers. The fact that the 
difference in conductivity between the films and the tubes of 8 wt.% 
P3HT composite is around 2 orders of magnitude suggests that the 
conductive networks in the film state and the tube state are significantly 
affected by dynamic percolation during melt spinning. Additionally, the 
volumetric difference also takes into account to this divergence. The cast 
films have average thickness of 20 µm whereas tubes have thickness of 
200 µm. With the same concentration of P3HT filler, apparently the 
particle size of P3HT was smaller compare to that of cast film. Thus, the 
particle density of conductive filler is not enough to reach conductive 
percolation network. Therefore, critical exponent t in percolation model 
(eq 1.1) is higher for 3D than 2D. Recalling the percolation model give by:   
              
      1.1 
Here p is the volume fraction of conductive filler and and pc is the 
volume fraction at percolation threshold. Commonly accepted best 
estimates for critical exponent is 1.3±0.2 in 2D and 1.8± 0.2 in 3D 
[Kirpatrick 1979, Staufer 1979, Feng and Sen 1984].  
It should be noted that the very low percolation thresholds are always 
achieved with low viscosity systems [Kovacs et al 2007]. Whereas melt 
processed systems where the viscosity is relatively high, the percolation 
threshold is high. A report found for the melt processed polythiophene 
composites, the percolation threshold is above 5wt.% [Wang and Rubner 
1992].  
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6.4 Conclusion 
Herein, tubular guidance channel based on PCL-P3HT blend is realised 
using classical melt spinning technique. After chemically doping process, 
tubes were confirmed to be conductive with 0.006 S/m. It is still far from 
the conductivity of pure P3HT which reached 100 S/m or even cast film 
PCL-P3HT (0.01 S/m). However, it can be concluded that our method is 
fairy successful in improving the mechanical properties of the blend PCL-
P3HT. The strength and elongation at break were higher than that of cast 
film. Although a better doping mechanism is needed to suppress the 
rigid part.  
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7. Testing and Characterisation of Electroconductive 
Scaffolds for Cell Sensoring 
 
Abstract 
Scaffolds are cell adhesive matrices for the realization of tissue constructs. Here 
we describe how scaffolds for tissue engineering can also be used as sensors for 
monitoring cellular activity such as adhesion and spreading. Carbon nanotube 
polymer composites were fabricated into membranes and scaffolds with 
electro-conductive properties. Impedance techniques were used to measure the 
effects of media and cell cultures on composite membranes and the results were 
analysed used lumped parameter models. We show that protein adhesion can 
be distinguished from cell adhesion as the impedance changes are much smaller 
for the latter (5%). In the presence of cells, impedance changes are of the order 
of 40% and can be correlated with adhesion, spreading and changes in cell 
density.   
 
7.1 Introduction 
Currently, there is great interest in designing smart materials capable not 
only of directing cellular activity, but also of monitoring cell adhesion and 
function [Tran et al., 2009]. This idea could in principle be realised by 
transforming a conventional scaffold into a “smart scaffold” that acts as 
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a sensor for monitoring cell behaviour. Cellular activity such as adhesion, 
proliferation and protein secretion will modify the electrical properties 
of their substrate. Therefore it is, in principle, possible to monitor cell 
behaviour by monitoring the impedance of the scaffold.  
Giaever and Keese [1984, 1991] have shown that as the cells attach and 
spread on a small electrode surface, they alter the effective area 
available for current flow causing an increase in the impedance of the 
system. After these initial changes, the impedance fluctuates with time. 
These fluctuating impedance characteristics, after careful interpretation 
can be used for examining the attachment, spreading and motion of cell 
populations. This method was then adapted by Connelly’s group to 
better understand extracellular action potential measurements [Lind et 
al.,1991].Wegener et al. [2000] also used the same method to monitor 
the proliferation of epithelial cells. Ehret et al. [1997] used an 
interdigitated electrode structure to monitor the spreading, attachment 
and morphology of fibroblasts in culture. In summary, these reports have 
shown that the impedance of microelectrodes of various sizes and 
structures can give useful information on cell behaviour. 
The research presented herein explores the use of a synthetic 
extracellular matrix or scaffold for monitoring cellular activities. In tissue 
engineering applications, three dimensional scaffolds are often used to 
Sensing Scaffolds 
247 
 
provide cells with an architectured microenvironment. Although they are 
useful for creating tissue constructs, it is usually difficult to assess cell 
function using non-destructive methods. To investigate the feasibility of 
designing biocompatible scaffolds with integrated sensing capabilities, 
we realised a polymer membrane with embedded carbon nanotubes 
(CNTs), which presents electro-conductive properties. 
As the first step of this investigation, CNT/polymer membranes were 
used to test the feasibility of using composite conductive materials as 
sensing scaffolds. A hepatocyte cell line, C3A was cultured on the sensors 
and the impedance was monitored over time. Furthermore, an 
equivalent circuit model of the system was proposed to determine a 
suitable working window in terms of frequency range and to enable 
interpretation of the measurements. 
 
7.1.1 ECM and Cell Adhesion 
Surrounding the cellular membrane is a collection of fibrous collagen 
proteins, hyaluronic acid, proteoglycans (complexes of polysaccharides 
and proteins), and glycoproteins (proteins linked to chains of 
carbohydrates). This is collectively known as the extracellular matrix 
(ECM). Its composition varies depending on the cell type, tissue type, 
and culture conditions, but the majority of the required components are 
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contained within standard cell culture medium containing serum. It is 
this matrix that forms the connections between cells in vivo and allows 
cells to attach to surfaces in vitro. Since it is responsible for the 
attachment of cells to a substrate in culture, the extracellular matrix 
exerts some control over cellular shape (cells are spherical in suspension 
and flatten out as they attach to a surface). By changing the surface 
properties of the cell culture substrate (e.g. patterning of self-assembled 
monolayers (SAMS)), binding of the ECM to the surface, and therefore 
cell attachment, can be controlled. Thus, it is possible to control the 
shape of cells (they can be formed into squares for instance), and in fact 
direct cell life and death [Chen, et al., 1997]. Chen, et al. observed that 
by simply changing the shape a cell was forced to take when adhering to 
a surface, cells were switched from growth to apoptosis (cell 
fragmentation). This is clear evidence that there are specific 
transmembrane signaling mechanisms through which the ECM and other 
factors (such as mechanical structures) influence cell behaviour. 
There is a great deal of research aimed at understanding ECM 
components and their effects on cellular shape and function. As 
mentioned above, numerous researchers are working on controlling the 
attachment of ECM components to affect how cells attach to substrates 
in vitro. However, for this work it is only important to remember that the 
ECM forms a bridge between the cellular membrane and the substrate 
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upon which the cells are cultured. No chemical modifications (e.g. SAMS) 
or patterning of the substrate were performed in these studies 
 
7.1.2 Electrode theory 
The impedance of electrodes in ionic liquids has been rather extensively 
investigated. When a solid object is immersed into an ionic solution, ions 
in the solution can react with the electrode and the solid ions from the 
electrode can enter the solution, leading to complex reactions at the 
interface. Eventually, electrochemical equilibrium is established at the 
interface. The net result is the development of a charge distribution at 
the interface with an associated electric potential distribution. The 
combined model of Helmholtz-Gouy-Chapman-Stern is the commonly 
accepted model describing the charge distribution at the electrode 
interface, which is shown in Fig.7.1. 
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Fig. 7.1 A schematic representation of an electrified interface. The hydration 
sheath, inner and outer Helmholtz planes are shown as is the diffuse space 
charge layer. Adapted from [Bockris and Reddy, 1970]. 
 
The current flowing through the electrified interface will encounter 
resistance Rct caused by the electron transfer at the electrode surface 
and Warburg impedance Zw (Rw and Cw) due to limited mass diffusion 
from the electrode surface to the solution. As the result, in the 
equivalent circuit representing the electrode solution interface, the 
electron transfer resistance Rct is in series with the mass diffusion 
limited impedance Zw. As the current spreads out to the bulk solution, 
the electrode has a solution conductivity determined series resistance, 
represented as spreading resistance Rs in the equivalent circuit (Fig 
3.2.a). 
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Fig.7.2. a. Equivalent circuit of the electrode-ionic solution interface and (b) 
presence of cells on electrode passively block current path. 
 
At the frequencies of interest in this work (f = 20 - 106 Hz), there is no 
conduction current through the cells due to the high resistivity of the 
plasma membrane. When cells attach and spread out on the gold 
electrode, they alter the current path and consequently the effective 
area. Figure 7.2.b shows adhered cells on a electrode passively blocking 
current path. As the results, measured electrode impedance is increased 
by an amount, which depends on the cell size, the cell-electrode gap, 
and the measurement frequency. 
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This work was focused on the development of cellular measurement 
systems based on impedance measurements where the electrical 
characteristics (capacitance and conductance) of the cellular membrane 
are examined. The impedance system was developed to measure cellular 
membrane properties and monitor changes due to the cellular activities. 
Modelling of the cell/electrode was performed to optimize the 
electrodes for sensing changes in these membrane characteristics. The 
ultimate goal of this study was to show that the membrane properties of 
cultured cells can be monitored using extracellular electrodes. 
 
7.2 Experimental Section 
7.2.1 Membrane preparation and selection  
Initially, poly(L-lactic acid) (PLLA) from Sigma Aldrich was dissolved in 
chloroform (Sigma-Aldrich) to a concentration of 0.20 g/mL. Then, single 
walled carbon nanotubes were also dissolved in benzene for 2 minutes 
to give CNT dispersions of 5 mg/mL. A blend of PLLA-CNT were obtained 
by sonicating the two preparations in a 1:3 volume part of CNT 
solution:PCL solution and resulting in 0.8 wt.% CNT content. Immediately 
after sonication, the mixture was spin coated (BLE Equipment, Germany) 
onto a 12 mm glass slide and dried in a silica tank for seven days to 
evaporate the solvents. 
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The films were cut into a disk with diameter of 12 mm. Two Pt wires 
were glued to opposite ends of the PLLA/CNT membranes and a silicon 
tube of ID 10 mm was glued over the centre of the membrane to realise 
a cell culture chamber. Finally the membranes were placed in a 12 well 
plate and sterilised using H2O2 gas plasma. 
 
 
Fig.7.3 (a) CNT/PLLA membrane was connected to wires; (b) silicon tube glued 
on top the membrane and (c) placed in the multiwell    
 
7.2.2 Membrane impedance measurement 
Impedance measurements were performed using an Agilent 4086 RCL 
meter over the range 20 Hz-2MHz. The following protocol was used: 
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 Measurement of dry CNT/PLLA membrane impedance 
 Measurement of dry PLLA membrane impedance 
 Measurement of CNT/PLLA and PLLA collagen coated membrane 
impedance in culture medium over 44 hours. A sterile membrane 
was immersed in medium at 37o C and its impedance was 
monitored at regular intervals. This was done to evaluate the 
time dependence of wetting and swelling phenomena in the 
membrane. 
 Measurement of CNT/PLLA and PLLA membrane impedance with 
cells over 44 hours, at 37o C. Cells were only added after a 24 
hour equilibration period in the medium, as initial observations 
showed that the membranes did not attain a stable impedance 
value until at least 6-24 hours in medium (details in the result 
section). 
To evaluate the impedance change over the observation time, the 
fractional impedance change |Zp| was calculated by using initial 
impedance |Zr| of a wet membrane just before seeding cells (t=0 hour) 
as reference point and the successive time points as |Zt|. 
|Zp| is expressed as a a percentage: 
    p    
   t -  r  
  r  
         (7.1) 
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7.2.2 Lumped parameter model 
In order to understand the physical basis of the impedance changes, the 
result of the impedance monitoring was compared with a variety of 
different equivalent circuit models. The impedance of membranes was 
analysed using lumped parameter models using the Matlab 
SimPowerSystem® toolbox (The Mathworks, Incorporated). The toolbox 
is widely used for analysis of electrical circuit equivalents and employs a 
least squares fitting process to determine the most suitable values of 
circuit elements based on an input experimental transfer function. 
The goodness of fitting was assessed through the value of relative 
standard error: 
      
                     
 
   
     
          (7.2) 
Where n = number of data, ydata = values from experimental data, ymodel = 
values from circuit equivalent and µdata = mean values of experimental 
data. 
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7.2.3 Cell testing 
In this study, the human hepatoma-derived cell line C3A (ATCC Culture, 
U A) were used as a model. They were cultured in Dulbecco’s Modified 
Eagle Medium (DMEM, Lonza, Milan, IT) with 10% FBS, 1% 
Penicillin/Streptomycin/Amphotericin B, 1% L Glutamine 200 mM (all 
from Lonza); 1% non-essential Amino acids 100X (EuroClone, Milan, IT) 
and 1% MEM vitamins solution (Sigma, Milan, IT). This medium was used 
for all experiments. 
Sterilised membranes were first were coated with 0.3 mg/ml of collagen 
extracted from rat tails according to standard procedures (Beken et al. 
1998) and then equilibrated in complete medium for 24 hours (more 
details are given in section 2.3). Subsequently membranes were seeded 
with 160 000 cells/cm2 in 0.25 mL of medium for up to 2 days. As a 
control group, collagen coated membranes without cells were placed in 
media and in the incubator for the same time. To confirm the presence 
of cells on the membrane, cells were fixed and stained with DAPI and 
imaged using a fluorescent microscope (Olympus IX81, Olympus Italia). 
Viability was assessed using the Cell Titer-Blue™ Cell Viability Assay 
(Promega, Madison, USA) and compared with controls cultured in 
collagen coated tissue culture plates (24 well plates with the same 
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number of cells and media) as well as with collagen coated PLLA 
membranes. 
 
7.2.5 Scanning Electron Microscopy (SEM).  
Culture specimens were prepared in 2% glutaraldehyde in 0.1 M 
cacodylate buffer (pH 7.4), post-fixed in 1% osmium tetroxide, 
dehydrated in increasing ethanol concentrations, CPD-dried, mounted on 
aluminium stubs and gold-sputtered. All specimens were then observed 
with a Philips XL20 microscope (Royal Philips Electronic, Eindhoven, the 
Netherlands). 
 
 
3.3 Results and Discussion 
3.3.1 Initial polymer electrode testing 
CNT/polymer composite and pure PLLA electrodes were measured using 
Agilent LCR system. PLLA electrodes acted as control. A sinusoidal 
voltage of approximately 1V was applied to one electrode at a time. The 
resulting current was monitored to provide the real and imaginary parts 
of the overall impedance of the system. The impedance of the Pt wire 
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was negligibly small, making the measured impedance representative of 
the smaller electrode. 
 
 
Fig.7.4  Measured impedance (a) magnitude and (b) phase for one 
electrode at timely monitoring: 0h; 6h; 24h and 44h 
 
Fig.7.4 depicted typical monitoring impedance for one electrode for 44 
hours. In most cases, impedance magnitude and phase monitoring gave 
a corresponding result as featured in fig.3.3. Impedance phase results 
rather have spreading behaviour during the observation time from 
frequency range of 20 Hz to 1 MHz. For instance, at frequency near to 0 
Hz, no significant difference was sighted between each time point. On 
the other hand, impedance magnitude showed more ‘consistency’ 
behaviour through the frequency. Therefore, it was more convenient 
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and practical to use the result of magnitude impedance as main 
parameter in this study. Later on, normalisations of the data with respect 
to initial state, |Zp|, were used through this chapter.  
 
 
Fig.7.5 Comparative studies of between pure polymer and CNT/polymer 
electrodes 
 
Pure dry PLLA membranes have an impedance value in the range of 10-
12 MΩ, whereas CNT/PLLA have impedance of 10-60 kΩ (all in disk size 
of 1.2 cm dim.). Fig. 7.5 showed that in dry state, all membrane showed 
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relatively stable |Zp| (less than 2%). Upon wetting with medium, they 
probably swell and proteins may adsorb onto the membrane surface. It 
is noted that pure PLLA membranes showed the highest impedance 
change after 6 hours. Additionaly, CNT/PLLA showed |Zp| less than 5% 
after 44 hours observation.  
 
Fig. 7.6 Impedance measurement of electrode at 7 days observation 
 
Fig.7.6 showed the result of impedance change |Zp| for three electrodes 
at seven days observation. This result indicated that the polymer 
electrodes have relatively stable impedance characteristics during the 
observation time. A maximum margin of 4% was showed after 3 days 
monitoring. The stability test was a critical parameter to have a good 
measurement result. It is indicated that the polymer electrode with bulk 
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resistivity of 10-30 kΩ (disk size of 1 cm dim.) have relatively stable 
impedance value. This might due to more massive CNT composite 
structure that bring more powerful interconnection polymer matrix.   
 
7.3.2 Impedance measurement without cells 
Figure 7.6.a shows the measured impedance of one scaffold sensor as 
function of frequency measured at 0, 6, 24 and 44 hours. The 
measurement was carried out by immersing samples in complete 
medium for up to 44 hours. The 24 hours and 44 hours responses are 
coincident, indicating that the membranes were completely equilibrated 
with medium at 24 hours. Since the medium contains serum proteins, it 
is likely that the equilibration process involves dynamic protein 
adsorption as described by Vroman (Vroman, 1962). In the presence of 
cell culture media the impedance decreases with frequency up to 2 MHz; 
this is rather different than the results reported by Lo et al. (1995) and 
Huang et al. (2003) where between 50 kHz-1MHz the measured 
impedance without cells is constant and very low in magnitude.  It 
should be noted that the impedance measurement set up is slightly 
different here because the conductive substrate completely covers the 
surface and there are no insulating islands to contribute to large 
capacitive effects.   
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Fig.7.6 (a) Impedance spectrum (real part) of a typical membrane coated with 
collagen and immersed in medium at 0, 6, 24 and 44 hours. Note that the 24 
and 44 hour spectra are coincident. (b) Impedance magnitude change, |Zp|, for 
the same membrane with respect to 0 hour as |Zr|.  
 
7.3.3 Impedance measurement with cells 
Figure 7.7.a show the impedance change over 44 hours for a CNT/PLLA 
membrane after adding cells to a previously equilibrated membrane. We 
observed a peak of impedance magnitude in first 6 hours. Moreover, 
Fig.7.7.b shows the fractional impedance change, |Zp|, for fig.7.7.a. High 
values of |Zp| are observed in the high frequency domain (> 1000 kHz). 
After 6 hours, the peak value started to fluctuate reaching the lowest 
point after 44 hours. Similar behaviour was observed in all samples. 
C3A cells typically require around 3-6 hours for complete adhesion (Vinci 
et al., 2010), therefore the initial rise in the curve is probably due to cell 
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attachment which increases the resistive portion of the impedance at 
1000 kHz by about 30% with respect to the initial value. After a further 
12 hours the magnitude of impedance decreases as the cells flatten out 
and spread, forming a high capacitance layer, confirmed also by the 
increase in impedance phase after 6 hours.  The gradual rise in |Zp| at 
24 hours could be due to the initiation of cell proliferation. C3A cells are 
known to have a high proliferative capacity with a typical doubling time 
of 24 hours (Vinci et al., 2010).  Furthermore, the decrease in |Zp| at 44 
hours might cause by loss of cells which evidenced on cell viability 
section. 
 
Fig.7.7 (a) Plot of real impedance values for a CNT/PLLA membrane with HepG2 
cells as a function of time after cell seeding, (b) magnitude of impedance 
change for the same membrane. 
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Figure 7.8 shows average |Zp| values of different membranes with and 
without cells. Although we observed a high change in impedance (|Zp| = 
20-40%) in medium wetted membranes, exactly the same range of 
values was noted for PLLA membranes with cells. Given the high 
impedance of PLLA, the measurement of |Zp| was subject to large errors 
and any observed variations in |Zp| over time can be considered 
insignificant (for example comparing the impedance change in PLLA at 6h 
with that at 44 h, p=0.219 two tailed t-test ). Therefore pure PLLA 
membranes do not change their impedance characteristics specifically as 
a function of cell activity. On the other hand, in CNT/PLLA membranes 
cell adhesion was well distinguishable from protein adhesion as the 
value of |Zp| was consistently higher in the presence of cells throughout 
the experiment (* indicated p<0.05, two tailed test).  
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Fig. 7.8 |Zp| at 1000 kHz for CNT/PLLA and control membranes (medium 
wetted pure PLLA membrane and CNT/PLLA membrane) with cells and without 
cells 
 
7.3.4 Lumped parameter model 
In order to better interpret the impedance changes, the response of the 
interface was fitted to a variety of different equivalent circuit models. A 
step-wise approach was used in which the starting point was a dry 
CNT/PLLA membrane. Following this the medium wetted membrane and 
cell-seeded membranes were modelled. Reasonable values of 
parameters were first chosen and then used to calculate values of 
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impedance. The calculated and experimental values were then 
compared and the model parameters altered to improve data fitting. 
This iterative process was continued until an acceptable fit was obtained. 
These parameters were then used as starting values for analysis of the 
next time step. A similar process was used to fit the time varying 
impedance data in the presence of cells. Fitting was performed from 0 
kHz-2MHz with increments of 10 kHz (same as the measurement setup). 
The relative standard errors (RSE) reported in table 7.1 are expressed as 
eq.7.2. 
 
7.3.4.1 Phase 1: Dry membrane model 
In the first phase, dry membranes were measured and the resistive and 
capacitive were used to build the first circuit equivalent. Although a 
numbers of models were investigated, the circuit shown in figure 3.8 
provides a good fit to the data with a minimum number of circuit 
elements. The average fitting error of model and the data for the six 
membranes is 3.25% and 6.33% for impedance magnitude and phase 
respectively.   
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Fig. 7.9 Proposed electric equivalent for polymer electrodes during the 
measurement 
 
7.3.4.2 Phase 2: Wet membrane model 
Firstly, the resistance and capacitance of the membrane sensors during 
the immersion in media for 24 hours were approached. The circuit in 
fig.3.9 contains the block RMain-CMain which was represented the dry 
membrane; the values remain unchanged. Parameters R1-C1, R2-C2 and 
R3-C3 were added and iterated to produce the best fit with experimental 
impedance measurement. Block R1-C1 is in series with dry membrane 
block and modifies the value of resistance whereas the parallel block R2-
C2 plays role in modifying the capacitance. Block R3-C3 was introduced 
later to better fit the experimental data which has a slight inflexion at 
low frequencies (<10 kHz). Fitting errors are reported in table 7.1.  
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Fig. 7.10 Measured and simulation result of (a) impedance magnitude and (b) 
impedance phase 
 
Table 7.1. Relative standard error from the fitting process 
Observation 
time 
(hour/s) 
Relative standard error (%) 
Wet membrane with cells Wet membrane without cells 
Impedance 
magnitude 
Impedance 
phase 
Impedance 
magnitude 
Impedance 
phase 
0 0.68 2.42 2.66 2.52 
6 2.85 4.24 2.88 5.42 
24 3.18 2.65 3.10 3.43 
44 1.96 2.56 3.38 3.86 
 
 To fit the impedance data over time in the presence of cells a number of 
models were investigated. However a reasonable fit was obtained for 
the same circuit used for wet membranes, and this was used for 
subsequent analysis.  In the fitting, RC main was kept constant at the 
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values obtained from the dry film fitting.  Variations in impedance were 
shown to be primarily controlled by R1-C1 and R2-C2, with R3-C3 
maintaining the same values as in the wet membrane. Figures 7.11.a-b-c 
show how these four elements change over the 44 hour observation 
period in the presence and absence of cells.  
 
 
Fig. 7.11 Fitted parameters values of (a) R1 C1; (b) R2C2 and (c) R3 C3 as a 
function of time with cells and without cells. 
 
The results show that both R1 and R2 remain constant in the absence of 
cells, while in the presence of cells R1 decreases whereas R2 increases. 
On the other hand both C1 and C2 have similar trends independent of 
the presence of cells. While it is not possible to identify specific cellular 
or cellular behaviour in correspondence with these variations, clearly the 
changes in capacitance are related to protein adsorption while the 
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resistance is principally modulated by cell adhesion and spreading, and 
to a small extent protein expression by the cells themselves. It should be 
noted the electrical configuration used here is quite different to that 
used by Giaever and Keese (1984). The authors used microelectrodes 
with extremely small surface areas (10-4 cm2) such that only a few cells 
were responsible for the observed impedance changes. Our 
measurements represent a sort of integral impedance response of 
several thousand cells over a surface area of about 0.5 cm2. In fact our 
aim was to develop a sensing scaffold for monitoring the overall activity 
or function of cells rather than a close observation of single cell 
behaviour or of cell density.  
 
3.3.5 Cell testing 
DAPI fluorescent agent was added at the end of experiment to identify 
cells existence. The medium was removed and DAPI was added in order 
to visualize blue dots on the black membrane as in fig 7.12.a (10x 
magnification). This fact indicated a large number of intact nuclei were 
observed indicating that the membranes were able to support cell 
adhesion.  
The membrane was then washed and observed under microscope 
without colour agent (20x magnification) as depicted in fig 7.12.b. This 
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procedure was performed in order to ensure the cell attachment on the 
polymer surface. The agglomerated-oval-shape indicated that the cells 
were adhered on the surface of the membrane.  
 
 
Fig.7.12. (a) Micrograph of DAPI stained cells on CNT/PLLA membrane 44 
hours after seeding and (b) adhered cells onto the electrode surface  
 
Table 7.2 Result of viability test on CNT/PLLA polymer 
Time observation Viability percentace with respect 
to control 
Day 1 93.92 ± 6.9 
Day 2 80.31 ± 14.4 
 
Cell viability was also measured, and compared with viability in controls. 
Viability is defined as the ratio of living and dead cells. The viability on 
the CNT/PLLA membranes remained within 5% of those of controls, but 
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then fell by about 20% at 44 hours, indicating a small degree of cell loss. 
On PLLA membranes, cells viability remains at about 80% of the controls. 
Biocompatibility of CNT/PLLA composites also has been studied using 
human osteoblasts. SEM images of  growth show a typical star shape 
characteristic of osteoblasts, suggesting the presence of normal cells on 
CNT/PLLA composite films (fig.7.13). Since PLLA is a biodegradable 
polymer matrix, it may release CNTs into bone and/or the bloodstream 
over an extended period. Hence, interaction of CNTs with bone and/or 
blood are also important. The cytotoxicity of CNT is an actively debated 
issue (Fiorito 2008). A recent study implanting MWCNT in a mouse skull 
(Usui et al 2008) has shown that nanotubes get closely integrated in the 
grown bone without any toxic effect and help in the bone repair by 
accelerating its growth. Another study on the effect of exposure of CNTs 
in mice bloodstream (Singh et al 2006) revealed that CNTs are not 
retained by any of the reticuloendothelial system organs and are rapidly 
cleared from the blood- stream through a renal excretion route. Kim et 
al. (2009) studied the interaction of macrophages with CNT-poly 
urethane and concluded that thepresence of CNTs regulates macrophage 
adhesion and proliferation, resulting in improved orthopedic implant 
efficacy. Hence, it can be concluded that CNTs have been proven to be 
noncytotoxic for implant applications. 
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Fig.7.13 SEM micrographs of MG63 cells cultured on (spun films, showing 
typical behaviour of star-shaped cells with protrusions that are streched out to 
anchor at a distance. 
 
7.5 Conclusions 
CNT/PLLA composite membranes were used as electrode and then 
tested to assess the feasibility of using the material as a sensing matrix. 
The impedance of membranes was measured and modelled. We show 
that the CNT/PLLA composite is not toxic for cells and suitable for cell 
adhesion. The measured impedance signals were shown to correlate 
with cell and protein adhesion 
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Major findings and Future Works 
 
The goals of this thesis were: 1) to develop active scaffolds for bone; 2)to 
develop active biomimetic scaffolds for nerve and 3) to develop softer 
scaffolds use the same microfabrication techniques for passive 
components of muscle tissue. As far as engineering design is concerned, 
the scaffold should meet three basic requirements: biocompatibility, 
mechanical strength, and stability. These three properties mainly depend 
on the selection of material and the architectural creation of the matrix. 
Therefore three main strategies were applied:1) material design and 
selection and 2)fabrication method and followed with profound 3) 
characterisation of mechanical and electrical properties to confirm the 
modification. 
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Figure1 Funnel of process in designing bioactive conductive scaffolds 
 
Here, we investigate three synthetic biodegradable that FDA approved 
which are poly(lactic acid), poly- caprolactone and poly(lactic-co-glycolic 
acid) to be used as candidate material for scaffolds. Synthetic materials 
were used for their availability and uniform properties compared to the 
natural polymers. From the engineering stand point, the soft and hard 
tissues are characterised based on their elastic moduli and tensile 
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strength. Hollister defined soft tissues as those with moduli in the range 
of 50 kPa-5 MPa whereas hard tissues are in the range of 30 MPa-3 GPa. 
Note that the values might different from one to another literature due 
to different measurement methods. Our study shows that films made of 
pure material have elastic moduli in the range of 40-60 MPa. These are 
suitable for tendon and ligament regeneration. For application in bone 
regeneration, these materials can be be improved by filling with more 
rigid particles. Carbon nanotubes were employed in our study as a 
reinforcing agent. The elastic modulus of the composite was increased 
up to 200% depending on the composition and material. However, we 
observed the optimum point where the addition of further CNT content 
did not significantly improved the elastic modulus and often increased its 
brittleness. The main cause of this phenomenon is most likely the 
aggregation of CNT that leads to phase separation in the polymer matrix. 
Interfacial stresses were then distributed uniformly. Moreover, the 
conductivity also increased up to 10,000 compared to the pure polymer 
(around 10e-5 S/m). The optimum CNT content for conductivity 
corresponded to the optimum content for strength. The percolation 
model enables us to identify the critical filler concentration where the 
conducting region begins. In our case, an optimum CNT content is found 
in the range of 0.7-0.8wt.%. PLGA composite material was found to have 
a lower mechanical strength and electrical conductivity compared to the 
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PLLA and PCL. We presume that the cristallinity of PLGA (45-55%) was 
playing the important factor in dispersing the CNT particles.  
A rapid prototyping method, PAM, was used to fabricate 3D conductive 
porous scaffolds. It is widely recognised that the porosity is one of the 
main parameter in enhancing biomimetic aspects. Pores create traffic for 
important substances that are significant in cellular growth.  Previous 
work has been done in characterising the realised scaffolds for soft tissue 
regeneration. In this thesis, we fabricated a CNT/PLLA dispersion which 
achieved a wider line width compared with the pure material (Vozzi 
2003, Mariani 2006). The elastic moduli that achieved are 15-30 MPa and 
30-60 MPa for pure polymer and CNT dispersion, respectively. Note that, 
the electrical characterisation showed that the conductivity of CNT/PLLA 
composites are in the range of 0.1-0.3 S/m. The use of the composites 
increased the range of properties and application for the materials.  
For regeneration of soft and hard tissues containing a luminal structure, 
i.e. blood vessels, peripheral nerves, long bones, vascular, urethers and 
intestine, the development of suitable scaffolds with a tubular 
conformation is the first requirement. Herein, we realised and 
characterised hollow fibres using melt spinning technique. We realised 
and characterised tubes that made of various biocompatible materials 
such as polyurethane and polycaprolactone.  Moreover, conductive 
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tubes made of CNT/PCL were also realised. In the previous study, a 
solution process was employed to form composite films or 3D structure. 
Here, a melt mixing process was introduced. The mechanical and 
electrical measurement showed quite different characteristics. 
Obviously, the heating process affects the dynamics of crystal growth 
and CNT aggregation in the blend system. It was found that the material 
became stiffer and less conductive compared to that of composite films 
with equal CNT content.  A composite tube with 1wt% CNT showed to 
have more uniform dispersion thus higher elastic modulus (in factor of 
1.3). It is noted that in the melt mixing process, the critical percolation 
threshold shifted to a higher value than 1% whereas in solution process 
the threshold was in the range of 0.3%.    
We also present a tailored material that could electro-actively release 
and uptake bioactive molecules for instance glutamate ions. One aim of 
this thesis is to study polymeric systems for electrically controlled 
glutamate release and uptake devices. The electric properties of 
conducting polymers make them suitable for devices driven by an 
external electric signal, such as potential or current. Previous studies 
demonstrated a simple doping process of polythiophene using chemical 
oxidation and ion exchange with glutamate (Ahluwalia2005). This 
procedure demonstrated adsorption of glutamate ions onto the 
polythiophene surface. The resistivity measurement confirmed that the 
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polythiophene-glutamate films reach conductivity values in the range of 
50-80 S/m. Our major finding was that a low pulsatile voltage (0.5-2V) is 
effective in releasing glutamate from the doped conductive polymer. 
Moreover, we identified three kinds of glutamate release profiles in 
liquid ambient.  They are Fickian release, semi-linear release and burst 
release. The semi linear release was achieved by applying potential of 
0.5-1V and was interesting since it provides a quasi linear relation 
between glutamate release vs exposure time. Our uptake study 
demonstrated that ion scavenging was eminent by applying a low 
potential of 0.5V. We proposed a FEM simulation that gave plausible 
estimates for glutamate release/uptake profiles in these studies.  
The completion of tailored release-uptake property in polythiophene led 
to an investigation of conductive materials applied in nerve 
regeneration. The study of polymer blends between polycaprolactone 
and polythiophene was performed. It was aimed to find an optimum 
blend that improves the mechanical property of polythiophene which is 
very brittle, without sacrificing the conductive property. Our study 
showed that a composition of PCL-P3HT 8% might suitable as a structural 
support. The mechanical study showed that the elastic modulus was in 
the range of pure PCL although the tensile strength was much lower and 
rupture points were detected. Similarly, realisation of PCL-P3HT tubes 
via melt spinning shifted the properties as in the case of PCL/CNT tubes. 
 280 
 
Using melt spinning fabrication, hollow fibres made of PCL-P3HT blend 
were realised. The elastic modulus was higher whereas the conductivity 
was much lower compared to that blend films. It is noted that blend 
films had a conductivity of 0.01 S/m whilst tubes had values near to 
0.006 S/m.  This behaviour was similar to the case of PCL-CNT blend 
above. Note that, in conjugated conductive polymer a doping process is 
needed. However, the doping process resulted in increased brittleness 
both films and tubes. 
In the final part of this thesis, the impedance of the scaffolds was 
monitored during cell adhesion. A careful interpretation of the 
impedance profiles gave information on cell attachment to the polymer 
substrate. Therefore, we coined a term ‘sensing scaffolds’ for this 
application. Lastly, the suitability of CNT/PLLA as a scaffold for 
osteoblasts confirmed their biocompatibility.  
 
Based on the above major findings, several remarks for subsequent 
works are noted: 
The system of polymer/CNT was mainly hindered by the solubility of CNT 
in the polymer dispersion. It was evident that the phase separation in 
the polymer matrix attenuates the mechanical and electrical properties 
of the composites. Several reports suggest that an acid pretreatment of 
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CNT can improve the dispersion. Another method is using functionalised 
carbon nanotubes or addition of surfactants to overcome van der Waals 
energy that cause massive aggregation in CNT dispersion. A more 
uniform CNT dispersion leads to a uniform distribution of particles in the 
composite. Thus, it improves processibility of fabrication for realising 
porous 3D scaffolds. 
Glutamate release and uptake in polythiophene polymers was 
characterises by low pulsatile potential. Therefore, a similar study might 
be done on blends of PCL-P3HT in the form of films or tubes. However, 
the adverse modification due to doping process needs to be addressed 
first. There is a wide option of oxidants and solvents that more 
compatible with the PCL matrix. Additionally, glutamate as an exchange 
anion was a model of immobilised bioactive molecule. It is also possible 
to realise a system that enables an uptake-release property for other 
molecules such as nerve growth factor for instance, that is widely used in 
nerve regeneration. 
It also noted that a melt process during the extrusion of hollow fibres 
gave different characteristics even using the same material. An 
integration of 3D microfabrication of porous structures with tubular 
shape scaffolds might also be initiated through lamination with chemical 
solution or heat processes. Therefore, an assembly to create more 
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complex structures such as complete bone, tendon, and muscle 
constructs can be realised. 
 
